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Foreword 

by The Rt. Hon. Richard Crossman , Cbe, mp 
Secretary of State for Social Services 



It gives me pleasure to introduce this work which reproduces with 
minor editorial amendments and the addition of a preface, a report 
made to me of the findings of a long-term research project into the 
nature of industrial noise and its effect on hearing. This research was 
commissioned under powers provided by the National Insurance 
(Industrial Injuries) Act, following a recommendation made by the 
Industrial Injuries Advisory Council. 

The research has a bearing both on the question of prevention of 
hearing impairment in industry, and on the question of compensation 
for occupational hearing loss which is the concern of the Department 
of Health and Social Security through its responsibility for the 
scheme of industrial injuries benefits. Before a disease can be 
prescribed for the purposes of the Industrial Injuries Act, certain 
statutory conditions must be satisfied; briefly, the disease must 
represent a risk of employment rather than a general risk to the 
population as a whole, and it must be possible to establish the 
attribution to employment in individual cases. In both respects 
deafness presents very great difficulties, because it is a common 
condition, particularly among older people; and because it has many 
causes, more than one of which may contribute to the hearing loss 
sustained in a particular case. 

The fundamental research undertaken by the team led by Professor 
W. Burns and Dr D. W. Robinson, designed as it was to throw light 
on the questions that need to be answered, was an essential prelimin- 
ary to the detailed consideration of the possibility of prescription. 
But in a wider sense the research findings, as presented in their report, 
will I am sure provide a valuable work of reference for many years to 
come to all who are concerned with the problem of noise in industry. 
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Preface 



In the last century the industrial revolution brought in its train new 
conditions of work, and contact with new physical and chemical 
agents. Inevitably some of these, by painful experience, were found 
to be harmful to those exposed to them. Gradually these injurious 
factors were identified, and steps were taken by governments and by 
industry to control such hazards. As a corollary to this, legislation 
was enacted to compensate those persons who had suffered injury. 
More recently, perhaps over the last thirty years, there has been a 
noticeable increase in efforts to promote the concept of industrial 
health, and both industry and government have participated effect- 
ively in the pursuit of this objective. 

Compared with the well-established control of many toxic agents 
and potentially harmful environments, which is enforced by legisla- 
tion, and which in Britain provides for compensation under the 
Industrial Injuries Act, concern for the control of noise and its pos- 
sible effects has become manifest somewhat later. This is not un- 
expected since, of the many potentially harmful accompaniments of 
modern technology, noise is perhaps one of the more difficult to 
control, both in its physical nature and because its effects are not 
easily distinguishable from other sources of hearing impairment. 
Furthermore, the effects of noise have not been known in detail 
despite appreciable efforts to elucidate them. 

In most cases, the effects of exposure to noise in industry are not 
dramatic. The ill effects are mainly manifest as an insidious reduction 
in the acuity of hearing, clearly recognised by the person and by his 
family and friends only after some years of exposure to the noise. 
By this time, a significant disability, such as the inability to hear 
clearly normal conversational speech, may have become established. 
The control of occupational hearing loss is thus clearly desirable. 
This control would be directed towards the prevention of the 
condition, basically by noise reduction, which would be exercised 
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both at a general level, designed to protect whole groups of people 
and also, ideally, at an individual level, where the wide range of 
susceptibility of individuals to noise-induced hearing loss would be 
taken into account. 

In keeping with the legislation covering other specific hazards to 
health which may occur in industry, a corollary would be that tire 
case for designating occupational hearing loss as a compensable 
disability under the Industrial Injuries Act should be considered. 
For the purpose of examining the problems underlying the assessment 
of noise as an industrial hazard, particularly with regard to compen- 
sation, the Ministry of Pensions and National Insurance, in 1961, 
formally commissioned the research which is being reported here, 
the work being allocated jointly to the Medical Research Council and 
the National Physical Laboratory. 

The situation at that time was that occupational hearing loss was a 
recognised clinical condition, but that the detailed relations between 
noise and its effects on hearing were not sufficiently understood for an 
adequate consideration of hearing preservation and of the problems 
of compensation. 

The detailed terms of reference appear in the text of the report; the 
basis of the study was the acquisition of specific information on the 
hearing deterioration caused by exposure to various actual industrial 
noise environments over periods of time. This required mobile 
laboratory facilities for the measurement of noise and of hearing. 
Granted these facilities, including a qualified staff to operate them, 
and an otologist to carry out the necessary clinical examination of the 
subjects, the major problem in such work is access to the field 
situation. With the co-operation of managements, trade unions and 
the volunteer subjects themselves the work was carried out in the 
necessary variety of industrial situations. The authors warmly thank 
the many people who made the study possible. 

The objective of the work was to establish a quantitative relation- 
ship between industrial noise and the resultant impairment of hearing. 
The aim was to do this in as broad a way as possible, within the limits 
of a field study of predetermined duration, so that tire results would 
be generally applicable to industry. Tire hearing acuity of over 750 
people employed in a wide variety of occupations, and exposed daily 
to noise for periods up to 50 years, forms one half of the main body of 
the experimental material; data on the noise exposure forms the 
complementary half. 



Printed image digitised by the University of Southampton Library Digitisation Unit 



PREFACE 



xi 



The work dealt with more or less continuous noise, though of 
widely differing characteristics : it did not deal with sharp or percuss- 
ive noise such as that from mechanical hammers. The importance of 
impulsive noises, and the additional complications that they entail, 
are recognised, and they merit further study as an extension of the 
work described here. 

As human beings vary greatly in their sensitivity to the damaging 
effects of noise, the results have in the main to be presented statisti- 
cally, as average estimates of impairment together with measures of 
the spread. Statements of averages, on the other hand, are of limited 
value in assessing individual cases and the central object of the 
investigation was to assist with the problem of recognising and 
quantifying the amount of a noise-induced hearing loss in individual 
cases. This problem is inseparable from any scheme of disability 
compensation. The results of the work do indeed provide the basis 
for a systematic diagnostic aid for these purposes; and although 
completely clear-cut results applicable to individuals were hardly to 
be expected, the vagaries of susceptibility can be taken into account 
by a procedure which, if not infallible, provides supplementary 
evidence in the appraisal of cases. 

The investigation was based intentionally on observations of the 
specific effects of noise on ears free from any other ascertainable 
cause of impairment, save that due to advancing age. The frequent 
occurrence, in practice, of complicating factors, for example ear 
disease or exposure to the firing of weapons, is recognised and the 
investigation of such conditions would be a natural extension of the 
work. We also discuss the question of distinguishing between noise 
and other causes of hearing impairment in the assessment of indi- 
vidual cases, but the investigation did not set out specifically to 
determine the extent or frequency of occurrence of different hearing 
defects in the industrial population. 

The work had two other main aims, the first of which concerned 
the setting of noise standards, for broad guidance to industry. The 
absolute protection of every person’s hearing through universal noise 
level restriction has to be accepted as an impractical target at present, 
but as a result of the work it has become possible to state precisely, 
in terms of direct noise measurements or forecasts, the degree of risk 
inherent in prolonged exposure to the environment. Risk, in this 
sense, means the percentage of persons whose hearing can be 
expected to suffer a specified degree of deterioration. The results can 
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be used, in a flexible manner, to suit the requirements of different 
administrations upon whom, rather than immediately upon us as 
authors, rests the responsibility of setting and operating acceptable 
standards of risk. Naturally, the lower the risk is set, the more 
stringent the noise requirements, but in difficult situations various 
devices such as personal dose monitoring can, in principle, be adopted 
at a certain administrative cost to match the noise exposure to the 
defined risk. 

The third objective relates to the care of individuals unavoidably 
exposed to loud noise. The basic approach, already practised in a 
number of industries, is to note any changes of hearing acuity that 
occur between successive tests carried out at approximately annual 
intervals. The same method was followed as part of the present 
investigation and the results have emphasised the limitations of this 
approach, even with the best of present-day techniques of hearing 
measurement, used under the specially rigorous conditions imposed 
in this project. The difficulty is to be certain that small changes are 
real and not merely due to variabilities in the measurement. The work 
has pointed the way to improvements, immediate and more distant, 
which may enhance the usefulness of routine monitoring audiometry. 
Furthermore, the quite different possibility has been opened up of 
detecting the sensitive individuals before any actual loss of hearing 
has occurred. The method is based on experimental evidence that 
such persons tend to exhibit not only a long-term susceptibility above 
the average but also an abnormally large auditory fatigue effect. This 
is measured by the temporary loss of acuity which accrues during a 
day’s work but which disappears, or at least is much reduced, 
overnight. A measurement of tire acuity of fatigued ears under 
closely-controlled conditions at the end of a working shift appears to 
be a promising approach to this aspect of hearing preservation, but 
requires further development. 

The data were obtained over the 5 years from 1963 to 1968, during 
which some 4000 hearing tests were carried out with the aid of the 
mobile audiometric laboratory, each test being accompanied by a 
clinical examination. Noise measurements were performed with the 
aid of the mobile acoustical laboratory and were combined with the 
occupational records of the individuals tested so as to obtain accurate 
assessments of the total noise exposure to which they had been 
subjected. In addition, control subjects not exposed to noise were 
studied. The results showed that a combined measure of noise 
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intensity and exposure duration determines the effect on hearing in a 
manner which can be likened to the action of electrical energy in 
kilowatt-hours, a low rate of power consumption (kilowatts) for a 
certain time (hours) being equivalent to a higher rate of consumption 
for a shorter time. In consequence of this relationship, industrial 
noise limits for hearing preservation purposes must take duration 
into account just as much as noise level. 

The investigation was carried out entirely by means of pure-tone 
audiometry, that is, the measurement of hearing acuity in terms of the 
faintest perceptible level of test sounds in the form of tones of 
different frequencies. The relationship between such audiometric 
measurements and the effects on the ability to perceive speech are 
well known. The broader question of social disability or impairment 
of function in relation to a person’s occupation does not come within 
the scope of the report, but for illustration use is made of existing 
criteria for assessing the degree of handicap in these terms. 

At the conclusion of the investigation, in 1968, we submitted our 
findings in a report to the Secretary of State for Social Services, and 
it is that report, with only minor editorial amendments, which is 
reproduced here. We hope it may serve not only as a record of an 
investigation and of its failures and successes as they occurred, but 
equally as an indication of the more profitable approaches for the 
pursuit of future studies — for we must emphasise that this complex 
pattern of cause and effect is only beginning to emerge. But above all 
we offer our results as a tool for the handling of industrial noise 
problems, in situations where hearing is, or may be, at risk and we 
have tried to do this in as practical a way as possible, in a conscious 
attempt to preserve a balance between academic propriety and 
engineering utility. 

W. Burns 
D. W. Robinson 

May, 1969 
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History 

It has long been appreciated that hearing may be damaged by 
excessively loud sounds, and historical allusions to specific episodes 
are not uncommon. In more recent years, however, there has been a 
growing awareness that the continued exposure to noise in the course 
of everyday work may lead to significant reductions in acuity of 
hearing. It is true that the obviously more noisy occupations, such 
as the manufacture of rivetted boilers, have been recognised as a 
hazard to hearing for many years, but the occurrence of occupational 
deafness as a result of protracted exposure to common industrial 
noise has been generally appreciated only in the last few decades. 

Investigations in the realm of occupational health in several 
countries have attempted in field studies to evolve quantitative 
relations between noise exposure and deterioration of hearing. 
Clearly the establishment of such relations is essential for the 
definition of risk to hearing, and for the formation of any code of 
practice for the control of such risk. The practical difficulties of an 
extensive investigation of hearing and noise in industry are such that 
the participation and support of Government is virtually essential. 

Discussions on the feasibility of such research were originated in 
the UK in the summer of 1957 by the then Department of Scientific 
and Industrial Research. The outcome was a scheme of research 
submitted in the names of Dr T. S. Littler and the present authors, 
broadly in conformity with the pattern of the investigation now being 
reported. These proposals were put forward in 1958 and were approv- 
ed by the then Minister of Pensions and National Insurance. Follow- 
ing this, we submitted a X'evised and more detailed programme of 
investigation and this scheme secured Treasury approval in principle 
at the end of 1961. Early in 1962 the Medical Research Council and 
the National Physical Laboratory were allocated the responsibility 
for carrying out the investigation under the terms of reference set out 
overleaf. /&$'■ 

* / 0 : 
r/ip 
iS70 
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Terms of reference 

(a) To compare the state of hearing of persons with various known 
histories of noise exposure. 

(b) To secure pre-exposure audiograms and to monitor the state of 
hearing of people throughout the early years of working in noise 
locations by means of serial audiograms. 

(c) To determine, if possible, whether any significant relation exists 
between temporary and persistent threshold shit t. 

(d) To relate the physical properties of industrial noises, with 
particular reference to those experienced by the groups studied 
in (a) and (b) above, and to determine by statistical procedures 
the physical features of the noises which constitute an effective 
set of criteria for measuring exposure as judged by correlation 
with its effect on hearing. 

(e) To obtain data on hazards to hearing and to make recommenda- 
tions on measures to avoid them. 
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Formation of joint working group 

At preliminary discussions held in February 1962 between the 
interested parties, it was decided that a working group should be 
formed which should include representatives of those taking an 
active part in the project. In order to recognise the mutual interests 
and responsibility of the Medical Research Council and the National 
Physical Laboratory it was agreed that this working group should 
operate under a joint chairmanship from the two bodies. This group 
was accordingly set up and proceeded to frame the necessary 
requirements for the investigation in terms of the scientific pro- 
gramme, the provision of the equipment and the administrative 
backing. 

From the outset regular meetings of the working group were held 
at which the scientific approach was evolved in detail, new and unique 
equipment was designed and its production supervised. Finally 
detailed relations were established with the various Government 
Departments concerned with the procedure to be followed in 
obtaining access to volunteer subjects in industry. 

As the pattern of activity emerged and became established, the 
need for the continuance of the working group declined, and from 
mid- 1965 the policies previously decided were implemented directly 
by Medical Research Council and National Physical Laboratory 
personnel and representatives. 

Guiding principles for the research 

It is generally accepted that there are two entirely different 
approaches to the kind of problem posed by this study, and it may 
help to set out briefly the division between the two in order that the 
position that we have taken may be clearly distinguished. For 
convenience we will call the two the “parametric” and “incidence” 
philosophies, and it is the former to which we subscribe. In the study 
of hearing impairment due to noise, it is common ground to both 
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these approaches that the absence of any clear-cut diagnostic aid to 
the identification of permanent noise-induced threshold shift in 
individual cases forces one to fall back on a series of probabilities. 
These are based on such direct evidence as the audiogram, evidence 
which may be slightly less secure such as the supposed noise history, 
and supporting evidence such as may be elicited by otoscopic and 
otological examination. The two approaches are, however, distin- 
guished by utilising the available information in different ways. 

In essence, the parametric approach is based on the proposition 
that the fundamental physiological characteristics of the hearing 
process are essentially the same for individuals. This basic similarity 
is overlaid by minor differences due to normal biological variability 
and within these limits therefore the stimulus-response characteristics 
are determinate and broadly alike for all persons. In practice large 
departures from this state of affairs can, of course, arise due to 
disturbing factors including pathology of various origins. The 
experimental approach is therefore to utilise for investigation only 
ears which are free from such disturbing factors so far as can be 
determined. This method has the great advantage that the results, 
provided they show sufficiently stable tendencies, can in principle be 
applied to any noise field within the range of the variables en- 
countered in the study. The end-product of the immediate investiga- 
tion can thus be envisaged as a specific relationship between a 
physical description of noise exposure and the resulting hearing level 
with, of course, statistical overtones. 

The application of the results obtained according to this viewpoint 
would take on the following aspects. First a conventional otological 
examination with a case history is conducted. Then the audiogram of 
the individual concerned is compared with basic diagrams, or 
possibly mathematical equations, describing the relations of noise 
exposure to hearing level, the diagrams giving also the statistical 
distribution data. An a priori probability is thus established that 
the person has or has not sustained an occupational hearing loss. If 
there are no other indications and the probability is high, the noise- 
induced origin of the lesion can be assumed. If the probability is not 
high, further audiological tests which might conceivably include an 
administered fatigue (temporary threshold shift) test would be 
carried out to narrow the probability. At this point we should draw 
attention to item (c) of the terms of reference; clearly if a close 
relationship can be shown to exist between the persistent irreversible 
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threshold shift and the short-term reversible hearing fatigue on an 
individual and not merely a statistical basis, the relative ease of 
measuring the latter would provide a most powerful diagnostic aid. 
Looking still further ahead it might even become possible to use the 
test prognostically as a part of hearing preservation measures. In 
addition to the narrowing down of aetiology by these means we 
should mention also the strong but not infallible clue provided by 
the shape of an audiogram of hearing level plotted against frequency : 
the effects of natural ageing, of noise trauma and of certain patho- 
logical conditions tend to produce different and characteristic 
patterns. Finally one would bear in mind that a pronounced hearing 
impairment in one ear only is a likely but not invariable contra- 
indication. 

So far we have discussed the hearing impairment solely in terms of 
the measurable aspect, namely the threshold of hearing. We recognise 
that any rules formulated to determine compensation must entail a 
broader assessment of disability. A first step is to translate a pure- 
tone audiogram into terms of impairment of perception of speech, 
and some research work is available to assist here. To enter more 
deeply into social disability would go far beyond what we intend by 
the present “parametric” approach and would raise questions that 
could not be answered in any general way. 

The incidence approach is perhaps more suited to the study of the 
last-mentioned aspect for, as the name implies, it assumes the exist- 
ence of groups which are in certain respects homogeneous, c.g. by 
occupation in a common industry, or by sociological classification. It 
can be argued with some justification that if research into the noise 
and hearing relationships is pursued within such a group the very 
fact of its homogeneity with respect to one or a number of factors is 
likely to lead to results with lesser deviations than in the parametric 
approach which seeks to sample as widely as possible from among 
the variables. However, as we have understood the viewpoint of 
protagonists of the incidence approach, the history of an individual 
is not included as a factor except insofar as he has so many years of 
actual or presumed association with the noises characteristic of a 
process or industry. This is in sharp contrast to our approach where 
the history of noise exposure ranks equal with the hearing in import- 
ance of measurement, with consequential wastage of large numbers 
of otherwise suitable subjects for whom the noise cannot be stated 
within scientifically satisfactory tolerance. Finally, since it is implicit 
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in the incidence philosophy that the results for one industry cannot 
necessarily be carried over into another, it would be a monumental 
task to perform such studies on a wide enough range of industries to 
permit extrapolation to newly-arising situations or to provide a basis 
for central government action. 

We recognise that to establish the total compensation bill there 
must at some stage be undertaken an estimate of the incidence of 
industrial deafness throughout industry as a whole. We believe that 
the economical way to do this is through sample incidence studies of 
every main industry. If this is accompanied by a parallel survey of the 
prevailing noise climates and taken in conjunction with our general- 
ised relationships, there will also be a quantitative basis for making 
future forecasts of the compensation. 



Plan of operation 

This investigation is basically a field study of the effects of noise on 
hearing. It was necessary to find situations in which numbers of 
persons were occupationally exposed to a suitable noise environment. 
These subjects had to be available in adequate numbers to provide a 
valid comparison between the degree of noise exposure and the state 
of their hearing. For this purpose, clear definitions of the type of 
noise and categories of persons regarded as suitable were first 
required. These aspects will be developed later. From the point of 
view of noise a number of different situations present themselves. 
The simplest is represented by steady noise which is continuous 
during the working day and unvarying over long periods of time. 
Even in this case there are numerous variables resulting in relations 
of great complexity between the physical stimulus and any possible 
biological consequences. This situation can be further complicated 
if the noise, instead of being continuous, alternates with periods of 
relative quiet or with noise of a different character. Finally, there are 
noises which, whether continuous or not, are impulsive in nature, 
as in hammering or forging. It was decided at the outset to concentrate 
on the first situation, that of steady noise. In the course of the investi- 
gation we have made strenuous efforts to find situations of the 
second kind, but where these have been found the other require- 
ments, in terms of suitable subjects, have been lacking. Fortunately 
our results for steady noises provide some basis for encompassing the 
variable type of noise. Examination of the situation with regard to 
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impact noise has convinced us that this requires a separate approach 
and could not be satisfactorily handled within the practical confines 
and time scale of the present study. 

The subjects in the survey participated solely on a voluntary basis; 
for the purpose of the investigation only those with ears free from 
disease (as arbitrarily defined) were accepted so that their hearing 
could be considered to be unimpaired except for the effects of noise. 
Certain additional requirements had to be met, e.g. that each person 
should only have been exposed occupationally to one significant type 
of noise; other fortuitous noise exposure, for example that of small 
arms fire, would lead to their exclusion. In addition, an elicited 
history of unconsciousness due to a blow on the head or any other 
factors which might have produced an impairment to hearing, 
resulted in exclusion from the investigation. 

Bearing these requirements in mind certain fundamental con- 
siderations and limitations present themselves. The nature of the 
research demands that, for acceptable validity, real and measurable 
deterioration of hearing should be related to the degree to which the 
individuals concerned had been exposed to noise. On the other hand 
it was clearly unacceptable on an ethical basis that persons should be 
deliberately exposed to noise in order to ascertain permanent effects 
on hearing, nor indeed should significant deteriorations be allowed 
to proceed unchecked for the purpose of gaining information. 
Specific procedures were developed, as indicated below, to ensure 
that these ethical aspects were observed. 

In summary, therefore, the problem was to discover actual situa- 
tions in industry where noise exposure, in terms of its physical 
characteristics and its duration, was amenable to precise measure- 
ment. Noise exposure could then be related to the state of hearing 
on a quantitative basis, in subjects whose hearing was free from other 
sources of impairment. 

We have taken the view that any differences that there might be 
between the effects of noise on persons with otherwise unimpaired 
hearing and on those with some auditory defect could not properly 
be elucidated without a clear understanding of the former case. The 
variety and range of severity of pathological conditions would 
multiply the requirements of the study several-fold. Although such 
studies did not feature in our terms of reference we nevertheless 
deemed it highly desirable to obtain some information on the 
question. 
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The broad principles of our parametric approach can be put into 
practice along three main lines of investigation, namely: 

(a) to measure the hearing of young people before they start work in 
noisy occupations and then to continue to measure hearing at suit- 
able intervals. This method is known as a “prospective” study 

(b) to measure the hearing of persons who had been exposed to 
particular noises for various durations (which might be for an 
appreciable number of years); this method is known as a 
“retrospective” or “cross-sectional” study. 

(c) the subjects under (b) above could also have their hearing 
measured periodically as in the case of (a). This is referred to as 
“serial audiometry”. 

All subjects, as previously noted, were volunteers and the results 
of the hearing examination were treated in strict confidence by the 
investigators. In cases of ear defects or disease likely to require 
further investigation or medical treatment, or of significant deteriora- 
tion of hearing believed to be due to noise, the individual was 
informed and consent sought for an approach to his or her own 
doctor or the works medical officer, to ensure that any of these 
conditions did not go unattended. Furthermore, noise conditions 
which were deemed excessive were reported to the factory manage- 
ment concerned. 



Population selection 

At the outset the working group included a medical statistician to 
advise on such questions as population sampling. It became obvious, 
however, at an early stage that normal medical statistical practice in 
teims of the selection and utilisation of experimental populations, 
and methods of sampling, had limited application. In fact, the inevit- 
able situation obtained throughout that volunteer subjects were called 
for, from suitable working populations, and the difficulty of obtaining 
adequate numbers rendered any sampling procedure inappropriate. 
The subject population throughout remained essentially a self- 
selected one. This population was subsequently reduced by the initial 
screening process, as is noted below. Inevitably, further attrition 
occurred due to job movements and normal wastage. The feature of 
initial self-selection therefore must be accepted as an inherent 
characteristic of this study. 
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VEHICLES AND EQUIPMENT 

Allocation of work 

The distribution of effort for both field work and analysis of the 
data was conceived as a closely-knit joint undertaking by the Medical 
Research Council and the National Physical Laboratory. Particular 
responsibilities for individual aspects fell conveniently into two sub- 
divisions, predominantly biological and physical respectively. The 
Medical Research Council assumed primary responsibility for the 
otological, audiometric, medical and documentation aspects of the 
project and the National Physical Laboratory for the design, 
maintenance and calibration of the specialised audiometric equip- 
ment, noise measurement, and the major part of the data reduction. 
The National Physical Laboratory’s computing facilities were 
utilised. 

Despite these logical sub-divisions, overall collaboration as 
originally envisaged has, in fact, been realised in a most satisfactory 
manner in the various activities of the project and the compilation 
of the final presentation of the results. In Appendix 3 is a summary of 
the personnel involved. 



Vehicles and equipment 

The working group planned and authorised the necessary equip- 
ment needed for undertaking the field work concerned with the 
hearing measurements for the survey. 

The facilities required to conduct both otological examinations and 
audiometric tests were met by the provision of a mobile audiometric 
laboratory and a mobile consulting room. The specialist design of the 
former presented a considerable technical challenge, due to the very 
high degree of sound isolation specified, the need for ventilation, and 
the completeness of the instrumentation for audiometry and for 
calibration of the audiometers. This mobile audiometric laboratory 
consists of a commercial production chassis on which is mounted an 
acoustically insulated body, having within it four sound insulated 
booths associated with self-recording audiometers permitting 
simultaneous audiometry for four persons without interference from 
any anticipated, or encountered, ambient noise. Complete calibration 
facilities for the audiometers were also installed. The details of the 
acoustic specification, design features, and measured acoustic 
attenuation of this vehicle are given in Appendix 4. 
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A suitably modified commercial caravan served as office, waiting 
and consulting rooms. In it the necessary case history was taken 
and otological examinations performed before the subjects’ hearing 
was measured. A Land-Rover was provided for towing the mobile 

consulting room and for general mobility of staff. 

The equipment for sound measurement was housed in a mobile 
acoustical laboratory, designed and maintained by the National 
Physical Laboratory for general acoustic purposes. This is described 
in Appendix 5. 
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Selection of factories 

In view of the nature of this project, which demanded access to a 
large variety of industrial undertakings and called for a high degree 
of co-operation at all levels, it can be appreciated that a considerable 
administrative effort was required for the successful prosecution of 
the research. 

The assistance of the Ministry of Labour was sought to obtain, 
through H.M. Factory Inspectorate, details of factories where a suit- 
able noise environment was thought to exist. The details so furnished 
were scrutinised, and arrangements made for an approach to be made 
to those firms whose factories appeared to offer suitable conditions 
both in terms of the level of noise and the number of persons exposed. 
These firms were then approached by the Ministry of Labour through 
H.M. Factory Inspectorate or the Confederation of British Indus- 
tries. Where a firm expressed interest in the project, a preliminary 
visit was made to the factory in company with the H.M. District 
Inspector of Factories, and the purpose and extent of the survey 
discussed with the management. 

If the factory was judged to meet the needs of the survey, a date for 
a visit by the audiometric field team was arranged, and the manage- 
ment provided with copies of an agreed “handout” (Appendix 6) for 
circulation to their employees when asking for volunteers to under- 
take the tests. The H.M. District Inspector of Factories concerned 
was asked to inform the representatives of the appropriate trade 
unions of the intended visit. 

The co-operation of management and employees had to be obtain- 
ed in order to ensure that the volunteer subjects were available for 
hearing measurements before the start of the day’s work. In some 
cases measurements were also made immediately before, or at, the 
cessation of the work period. Finally agreement had to be obtained 
for the repetition of this procedure at approximately yearly intervals 
until sufficient data had been accumulated in order to attempt to 
observe the trend of deterioration, if any, of each person’s hearing. 
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The method of selecting the factories for inclusion in the research 
programme, and an outline of the difficulties encountered in obtain- 
ing access to young people (school leavers) immediately before 
starting work, are given in Appendix 7. 



Pre-selection of subjects 

Experience gained during the initial visits to the first nine factories 
selected for inclusion in the survey, showed, as had been anticipated 
on the basis of our previous experience, that only a relatively small 
proportion from among the personnel volunteering to be examined 
were suitable for inclusion in the study. Many had either been exposed 
to other types of noise elsewhere, or had some ear defect, or had a 
history of previous head injury, and thus had to be excluded for these 
or other reasons. 

It was decided that wherever possible some form of pre-selection 
from among volunteers would be desirable, and firms were invited to 
conduct a check on personnel with a view to withholding from 

abortive examination and test those 



(a) whose present noise exposure was not amenable to quantitative 
description 

(b) who had served in the armed forces, or had been exposed to 
gunfire, or whose past noise exposure was different from that of 
their present occupation 

(c) who were known to have existing or previous ear disease or 
abnormality 

(d) with language difficulty. 



The effect of the application of this initial selection inevitably 
varied somewhat between firms, and it was found to be more effective 
where the assistance of a full-time medical officer was available In 
any case a full history elicited by a questionnaire, and a clinical 
o ological examination, remained essential parts of the procedure. 
This preliminary selection contributed greatly to a saving of effort in 
tne final selection process . 

The volunteer personnel were interviewed by a member of the 
Id team and broad details of their work, previous employment, 
possible earlier exposure to noise, including gunfire, or any occur- 

were rbmffiS IS Th P0SS t bly ^ had a beari " g ° n the ' r hearing acuit >'’ 
were obtained. This interview was undertaken each time personnel 
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were tested, immediately prior to a clinical otological examination. 
The recorded details were then taken into account in reviewing the 
results of the subsequent audiometry. It is worth remarking that later 
interviews occasionally brought to light factors which had not been 
previously disclosed. 



Otological examination 

As has been indicated previously, audiometric tests were never 
performed in isolation, but always in conjunction with a clinical 
otological examination. Such an examination is a necessary ac- 
companiment of audiometry for the latter to be valid. 

At the outset, the working group, guided by the member otologist, 
laid down criteria for acceptability on clinical otological grounds: 
these together with the method of examination used are set out in 
Appendix 8. 

It was obviously essential that the yardstick of “normality” should 
remain unchanged despite the passage of time and unavoidable 
changes of otological personnel. This objective is neither easy to 
specify in all particulars, nor to attain with certainty. Every effort 
was made by the otologists to maintain continuity and to preserve 
the original clinical criteria. The fairly high clinical standards adopted 
to qualify for “normality” assisted in minimising the unwarranted 
inclusion of marginal cases. 

Of the volunteer subjects coming forward through the pre-selection 
procedure, the clinical examination in fact resulted in eliminating 
about 11%. 

As previously noted, however, some data on cases originally 
classified as unacceptable because of pathology, exposure to gunfire 
noise, or previous concussive head injury, were studied separately to 
supplement the main study, and these categories are described in 
Appendix 14. 

Audiometry 



The audiometric facilities were planned from the outset to give the 
highest standards of accuracy and reliability (compatible with the 
nature of the investigation) which the present state of development 
of pure-tone audiometry would permit. 
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With this in mind the audiometry for the survey was performed 
with a type of self-recording audiometer (Rudmose ARJ-4) modified 
at the National Physical Laboratory. These modifications include 
adaptation for the use of the type of high-quality earphone (Standard 
Telephones and Cables 4026A) normally used in the UK as a stan- 
dard, and a device for interrupting the tones. This second modifica- 
tion was adopted after preliminary trials suggested that this gave a 
rather easier signal detection task to untrained subjects, without 
prejudice to the measurement of hearing levels. The audiometric 
vehicle provided full calibration facilities to ensure the continued 
accuracy of the audiometers. For normal clinical purposes such 
calibration might be carried out at intervals of perhaps up to one 
year, but for the purpose of the survey a calibration of the audio- 
meters was carried out on every day on which they were used for 
audiometric measurements. The records show a remarkable con- 
stancy of performance. 

The audiometers provide information in the form of a graphic 
record on a card marked with co-ordinates for hearing threshold and 
frequency of the test tone. 

The traces were interpreted by two independent observers, using 
a mechanical cursor, to average the vertical excursions of the trace, 
thus providing as consistent a method as possible of estimating the 
threshold for various frequencies, short of fully automated equip- 
ment. Where a discrepancy of 2 dB or less occurred in the two 
judgements, their mean was adopted. If the discrepancy exceeded 
2 dB, the trace was re-assessed by the two observers in conjunction. 
This is part of the essential raw data of the investigation. The technical 
details of the modifications and calibration methods for the audio- 
meter equipment are given in Appendix 4. 



Noise exposure 

From the outset we took the view that the determination of 
subjects noise exposures should weigh equally with the audiometry 
and that the noise exposures would require as accurate a knowledge 
as possible both of noise levels and of exposure histories. 

The equipment consisted principally of the mobile acoustical 
aboratory described m Appendix 5, supplemented by an estate car 
htted with measuring apparatus for use where the facilities of the 
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larger vehicle were not needed. At the time of the authorisation of 
the investigation, this equipment was in the design stage for general 
acoustical and noise studies on the research programme of the 
National Physical Laboratory. Adaptations were accordingly made 
to suit the requirements of the present investigation. 

Although, as we have stated, our aim Iras been to concentrate on 
steady noises we found in practice that rigid adherence to this pres- 
cription would have ruled out all but a handful of the 32 factories 
which were otherwise suitable. The first few factories visited were, 
in fact, those wherein the least steady noises existed which was 
perhaps a fortunate accident, inasmuch as the measurement pro- 
cedures were evolved to meet these cases and proved to be adequate 
in scope to deal with all later visits. 

A full acount of the organisational and technical conduct of the 
noise measurement is given in Appendix 9. Briefly the aim was to 
effect a suitable compromise between elementary noise measure- 
ments which would have offered little or no scope for investigations 
such as spectrum-dependent effects, and an excessively complex set 
of data which it would have been difficult to utilise effectively. A 
further consideration was the ultimate use of a computer to study the 
relations between noise and the audiometric results, and with this in 
prospect it was essential to express all the noise environments in 
similar physical terms. Variations of noise level had also to be 
accommodated, thus necessitating time analysis as well as spectrum 
analysis. 

The estimation of exposure history depended in the first instance 
on the subjects’ questionnaire responses, and in detail on a study of 
the factory layout, work methods, any changes that had occurred to 
plant and machinery, and employees’ records, obtained in consulta- 
tion with factory managers and personnel departments, and some- 
times by direct interrogation of employees. Doubtful cases, for 
instance those with previous employment in factories where the 
noise might have been comparable or greater in level, were ruthlessly 
eliminated. A small number with a clear history antecedent to a 
recent date followed by quiet employment were accepted with 
appropriate assignment of the period in noise; these subjects were 
not included in serial audiometry. 

Exposure durations were reckoned in units of one calendar month, 
which may be taken for practical purposes to mean 160 hours of 
actual noise exposure per month. 
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Compilation of master ledger 

The basic components of the data of the investigation are, as we 
have noted, the noise exposure and the hearing level of each person 
To complete these statements a quantity of subsidiary data is needed. 
Every individual’s personal data must include the following items: 
serial number; name; age; sex; noise level in dB(A) at 2% and 50/ 
on-times (Appendix 9); sound pressure level in the octaves centred at 
63, 125, 250, 500, 1000, 2000, 4000 and 8000 Hz; duration of ex- 
posure; hearing level in each ear at the audiometric frequencies 500 
1000, 2000, 3000, 4000 and 6000 Hz for each occasion (with dates) 
on which audiometry was performed, including temporary threshold 
shift data where applicable. Subject data were grouped by firms, and 
included any identification number provided by the employer to 
facilitate locating individuals at a later date when, for example, 
further details of his noise history might be enquired into. In addition 
the otological data, personal history and audiometer cards were 
retained for each person. 

The number of subjects included in the final data-producing part 
of the investigation is about 1000, and the total number of audio- 
grams was over 4000, so that the complete pool of information con- 
tains in the region of 100,000 items. The storage of the numerical 
parts of this information was accommodated in a computer system. 
However, we felt that the scale of the investigations, the need for 
rapid and direct access, convenience, flexibility and portability in the 
initial recording of the data, could best be served by a conventional 
manually written loose leaf ledger system which became the definitive 
stoie of the information. One of us had such a ledger format in 
existence, and this was found to be admirably suited to the needs of 
the initial data recording and easily accommodated all the above 
information relating to each person in the survey. 

In all subsequent stages the data were extracted, usually for 
preliminary assessments on the desk calculator, and later for the 
construction of appropriate computer programs. 
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Retrospective studies 

The aim of the retrospective study may be described as the 
elucidation of intrinsic relationships between the several variables : 
noise level, spectral distribution, age and hearing level. It is of 
necessity approached by the methods of numerical statistics. Field 
data were allowed to accumulate until we had some 400 results 
before it was felt worthwhile to analyse them systematically. 

At this stage definite indications emerged. The scatter of individual 
hearing levels was large, and increased within groups exposed either 
to louder or more prolonged noise, but was appreciably reduced if an 
allowance was made for the ages of the subjects. This was consistent 
with the expectation that ageing and noise are at least partly inde- 
pendent and therefore additive. It was also found that the measure of 
noise level L A2 (see Appendix 1), compared with various other 
physical measures, was the most relevant in the sense that the hearing 
levels within groups classified by this measure alone showed a 
progressive increase with noise level and with the duration of expo- 
sure. 

Computer programs were prepared to examine the data more 
systematically having regard to these preliminary observations. 
Meanwhile additional field data were acquired and submitted to a 
thorough examination in the light of the otological and other 
particulars given by each subject. The computer programs were run 
on the resulting total of 581 persons. 

In the course of this analysis it became noticeable that the age- 
corrected hearing levels of persons, subjected to a certain noise level 
for a certain time, followed much the same course as those of others 
in higher noise levels for shorter times. It is, of course, a trivial 
observation that any specified combination of noise and time 
leading to a certain final state of hearing could be matched by another 
combination causing the same final state. It is much less evident and, 
we believe, of fundamental significance that there exists a combined 
measure of noise intensity ' :hat the equivalence holds at 
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intermediate stages, not merely the final state. Appendix 1 1 sets out 
the detailed reasoning that led us to the particular and very simple 
relationship which permits the definition of a single composite noise 
exposure measure which we term noise immission. It turns out that 
this quantity is just a frequency-weighted measure of the total sound 
energy impinging on the ear throughout the whole exposure period. 
For convenience we more often refer to the related quantity, noise 
immission level (NIL) in decibels ; this bears the same relation to noise 
immission as does any other physical quantity expressed in decibels 
to its parent magnitude. 

With the aid of this finding we could intensify the search for intrin- 
sic relationships between noise exposure and hearing level since the 
number of independent variables was reduced, basically from three 
to two. At this stage the computer results confirmed the preliminary 
findings regarding the separability of age and noise effects and the 
advantage of the measure L A2 . 

Up to this time it had been sufficient in a statistical sense as well as 
convenient for least-squares computer programming, to approximate 
the relationships between noise, time* and hearing level by simple 
functions, namely straight lines and parabolae. Refinements now 
suggested themselves; moreover further field data were to hand 
making the final total of 759 persons. It was now perceived that the 
course of hearing loss at different frequencies followed similar 
patterns; it was also discovered that the scatter of results followed 
an equally orderly pattern. These two findings were, moreover, seen 
to be closely related to each other, and together they permit the 
intrinsic relationships to be viewed as variations on a single theme. 
The final steps of the data reduction are of a rather mathematical 
character out of place in this Chapter; full details are given in 
Appendix 10. It is only necessary to remark here that the experi- 
mental results in their entirety can be summed up in a formula 
involving only one variable with two parameters. One of these is 
related to the audiometric frequency, the other to the percentage of 
persons concerned. 

By means of this formula, which is simple enough to carry in one’s 
head, or by the use of an equivalent nomographic chart, it is a 
straightforward matter to perform any desired prediction or manipu- 
lation of the variables. A direct application is to estimate the percent- 
age of persons whose hearing level can be expected to exceed a 
* Strictly, the logarithm of exposure duration. 
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snecified value at a given frequency (or combination of frequencies) 
as a result of exposure for a stated period to a known noise level. 
Alternatively the formula will answer the converse question: what 
noise level should not be exceeded in order to ensure that a stated 
percentage of persons should not suffer noise-induced hearing loss 
greater than a specified amount ? 

In Appendix 15 we discuss the relationship of these results to other 
research work on noise-induced threshold shift. We tend to predict 
smaller losses, but we should emphasise that this is in the expected 
direction, since we have taken elaborate precautions to exclude any 
of a large number of other possible contributory causes of deafness, 
in accordance with our basic research aim. We discuss the important 
but ancillary question of total hearing level in cases with added 
pathological or other impairment in Appendix 14. 

A further computer programme was devised to establish the range 
of spectral distributions that would be sufficiently well characterised 
by the single overall measure L A2 . More complicated methods lor 
measuring and expressing noises have been proposed from time to 
time as desirable or necessary. We had routinely accumulated 
throughout the investigation several measures of each noise (see 
Appendix 9), including octave-band spectra. It had not been possible 
to utilise this more detailed information in an efficient manner, 
however, until the general nature of the relationships between noise 
exposure and hearing loss had been established. Witli the aid of these 
supplementary noise data we show that a single measure, rather than 
sets of band sound pressure levels, is adequate to characterise the 
hearing damage potential of the great majority of noises even though 
they may have widely differing spectral distributions. Moreover we 
find that the shape of the average noise-induced “audiogram” is 
independent of the spectral distribution within wide limits, and 
invariably exhibits the well-known “4 kHz dip”. A frequency 
response marginally different from the A-weighting emerges from 
this analysis as the optimum design characteristic for the relevant 
noise measuring system; but so little does it differ from, and so well- 
established in general acoustic usage is the A-weighting curve, that wc 
confidently recommend tire latter. 

The time course of the pure noise-induced threshold shift turns out 
to be extraordinarily rapid at first and the rate slows down pro- 
gressively throughout the whole of the subsequent exposure. This 
finding is supported by the results of the serial and prospective 
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studies. The curve is smooth, and shows no sign of suddenly flattenin 
off at the 10 or 15 year mark, as has been suggested by other workm 
When the effect of ageing is included, the curve has of course 
stronger upward trend, finally becoming steeper as the presbvcuti! 
loss eventually overtakes the noise-induced loss. 

An interesting rule of thumb can be deduced from the curves which 
applies with fair approximation to any exposure exceeding 5 years in 
duration. A glance at Fig. 10.1 will show that the increment of 
hearing level is about 0-8 dB per year for high tones, irrespective of 
noise level. The level attained in the course of the first 5 years 
the other hand, depends very strongly on the noise level. 

Serial and prospective studies 

The direct observation of hearing losses by means of serial audio- 
metry appears at first sight to have advantages over the retrospective 
type of study. In the latter, any conclusions about the time course of 
hearing deterioration have of necessity to be stated statistically. In 

.7® ,° r ^ er ’, . tbe same persons reappear at successive tests so that 
hreshold shifts are identified with individuals even though in the 
aggregate they might be described statistically. Thus one should end 
up with distributions of hearing levels corresponding to a series of 
exposure times by either method, and the results should be essentially 
s milar. The great difference is, however, that from the serial study 

™, W0 “. d be a on e-to-one correspondence between elements of 
each distribution which is entirely lacking from the other method. 

his is particularly desirable information for the study of early 
deterioration of susceptible ears. y 

Was hoped that the serial st udy would form an 
0 f ■ a ,“ ’ l not tlle ke A part of the investigation as a whole, 
d ai roJoff retr °® peCt f e surve y was foreseen as filling the secon- 
bevLdthea r eCa r • f nng leVeIs in cases of exposure duration 
both studies'* yearl T l he Serkl StUdieS ‘ 111 thelight °f experience 

result sobbed T ***** significaiice ' The highly coherent 
expectation anH^ 7 "^ l *’ ective surve y &r exceeded our early 

ChartS and f0rmulae for the statistical 

Eifrrr threshow swfts ° ver a ver y 

contrast theTeriaUt m H n UP t0 yearS at high noise Ievels B y 
envisaged Oneofrt,^ y ran lnto Problems more severe than we had 
g • ne of these was the scientifically extraneous difficulty of 



Printed image digitised by the University of Southampton Library Digitisation Unit 



21 



SERIAL AND PROSPECTIVE STUDIES 

locating enough cases of persons with little or no previous noise 
exposure, or of locating them rather late in the course of the 
investigation (see Appendix 7). The number of subjects meeting 
the requirements of a true prospective study remained disappointingly 
small to the last, and no cases at all could be found in sites with really 
high noise levels. Large numbers of serial tests were indeed carried 
out (see Appendix 12) but for the most part in the experimentally 
unfavourable circumstance of there having been previous noise 
exposure significant in amount compared with the increment received 
between tests. A second and more deep-seated problem exists, 
however, and would have beset our endeavours no matter how 
successful our quest for unexposed subjects might have been. This is 
the influence of random errors in the audiometry which all but 
swamp the noise-induced part of the threshold shifts. Even with the 
safeguards of precision equipment and impeccable control of the 
testing, these errors must be regarded as ineradicable in the practice 
of pure-tone audiometry as it is today, unless one is prepared to 
perform numerous repeat measurements. Considerations of work 
schedule interruption, of maintaining the co-operation of subjects 
and of management, not to mention equipment availability and cost, 
ruled out such possibilities from the routine of our investigations, 
although the matter was argued many times by the working group. 

It is necessary to draw from our data some rather disquieting 
conclusions about the significance of apparent hearing level changes 
in annual serial audiometry such as might be administered routinely 
in industrial hearing conservation schemes. This is perhaps the most 
important lesson to be learnt from this part of our investigation even 
though it is rather discouraging in character. The limitations are 
discussed further in Chapter 5 and. Appendix 12. 

On the positive side, we have shown that the hearing losses accruing 
during the course of the serial study are, save for the random errors, 
quite consistent with the expectations derived from the retrospective 
survey as, of course, they should be. But it is important to note that 
the serial results by themselves would certainly not have permitted 
the determination of well-defined trend curves in the way that was 
found to be possible with the retrospective data. 

In practice an apparent improvement in hearing is observed al most 
as often as a loss. The former can reasonably be dismissed as having 
nothing to do with noise and therefore erroneous or at least as of 
adventitious origin. The same cannot be done with apparent losses 
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since these may well be genuine. Though it is clear in some cases that 
apparent losses are unreal, in the great majority there is no sure wa 
of telling true from false. It follows that to eliminate negative los J 
from the results would give an upward bias to an unrealistic extent 
To retain them, therefore, is essential and we have found no wav out 
of the dilemma of handling a mass of data much of which obscure 
the effect under investigation. es 

By statistical tests we have shown a significant correlation between 
the rate of deterioration of hearing and the hearing level already 
attained. This relationship, it should be emphasised, applies to the 
early stages and is consonant with the mathematical model derived 
rom the retrospective study. It has no connection with the question 
of the slowing up of the deterioration rate when high hearing levels 
are reached. s cvcl!> 

AppendtT? ° f the Pr ° SpeCtive and serial studies are contained in 

Temporary threshold shift studies 

The variability between individuals of the hearing loss due to noise 
exposure is one of the mam obstacles to prediction of hearing loss 
from a known noise exposure in a particular individual 
The work described elsewhere in this report has evolved means of 
stimatmg the degree of hearing deterioration likely to be caused by a 
g ven noise exposure, in the form of a distribution in the exposed 
population. The natural extension of this is to attempt to predict 
m the event of continued occupational exposure to iS presen or a 
subsequent noise, where in the expected range of hearing hnpahmem 
the vahies for a particular individual would be likely to lie. The merit 

mob a h1 Pr H d 0nS r W0Uld ’ 0f C0urse ’ be in the abilit y t0 advise on the 
probable degree of susceptibility to occupational hearing loss and 

mmv-iQ 0US t6StS haVe been suggested b y different authors for this 
shift rrr<?T mS f0rm of measurement of temporary threshold 

^ tWS Ca “ Pr ° vide an indication of 
to n^exposure How y t0 P ™ ent im Pairment of hearing due 

mental Iferfficatlon^f^e validity ^ 

It has been found Vabdlty ° fthlshypothes,s > for individuals. 

, and confirmed m this study, that TTS of groups 
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of persons appropriately measured, is quantitatively similar to the 
average presumed noise-induced hearing loss in ears which have 
sustained about 10 years of continuous daily occupational exposure 
to the same noise. This relationship means that, for averages of 
groups of persons, the same noise will produce certain degrees of 
temporary and related degrees of permanent threshold shift. The 
relation does not imply any particular type of behaviour with respect 
to TTS and to occupational hearing loss in the case of individuals, 
and it is the individual case which we have tried to examine. In 
order to test the characteristics of the individual ear with respect to its 
susceptibility to TTS and to occupational hearing loss, various 
procedures could be devised, but they are beset with serious obstacles. 

Logically, the procedure could consist of the measurement, in ears 
not previously subjected to significant noise exposure, of the TTS 
occurring after the first day of work in a particular noise, followed by 
normal occupational exposure over a period of about 10 years, when 
the permanent change would be measured. In the first place this 
lapse of time could not be accommodated within the time scale of 
this project. Further, the number of subjects who could be audio- 
metrically examined before starting work: (e.g. school leavers), and 
who would thereafter remain in the same job, and thus exposed to the 
same noise, for a sufficient duration, has been found to be extremely 
small. Finally, in this survey, subjects have not been deliberately 
allowed to acquire significant hearing losses merely for the purposes 
of the investigation, so that the procedure would, in any case, be 
unacceptable according to our code of conduct of the work. 

We considered that any fresh experimental approach should 
consist, at least initially, of the simplest and most straightforward 
procedures, limited in technical scope to conventional audiometry of 
good quality and compatible with the implications of an industrial 
situation. We consequently examined the nature of the information 
which could be derived from single measurements of IT’S in an 
individual, following exposure for a normal working day to his 
particular occupational noise. At the same time, the necessary 
hearing level measurements made before the start of the day’s work 
gave the presumed degree of occupational hearing loss already sus- 
tained by the same person as a result of exposure to the same noise 
over a known period of time. These measurements fitted into the 
programme of the retrospective part of this study. As an additional 
objective, we aimed to investigate directly the relations between TTS 
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and any increments of occupational hearing loss detected in 
course of serial audiometry. ne 

The details of the investigation of the relations of TTS to occur* 
tional hearing loss and to serial threshold shifts are described 
Appendices 13 and 12 respectively. n 

Briefly the procedure was to define indices of susceptibility to TTS 
and noise-induced hearing loss, for each individual, and to ascertain 
whether any relationship existed between the two. 

It is obvious that a wide range of frequencies, or combined averages 
of frequencies, could be used at which to derive the indices. A number 
of combinations were examined (see Appendix 13). The most 
favourable combinations, i.e. those giving the highest correlation 

SSTS f T the l0W6r audiometric frequencies for 
TTS and from the higher audiometric frequencies for noise-induced 

earing loss. The relation between them was a direct one in these 

v l ^ ValU6S ° f the correIation coefficients were not 
large, the higher values were statistically significant for the groups of 

subjects used m the correlation. Procedures designed to examine the 
validity of this relationship are also described in Appendix 13. 

Prom these investigations it is possible to conclude that Ww 
susceptibility to TTS tends to be associated with higher susceptibility 
occupational hearing loss, and vice versa. The fairly low values of 
This t C ° efficlents indicate ‘hat other factors are operatin/ 
bS a trUe : formstance in variation inherent in the 
het3 °1 ai ;' C l ondu l ctlon audiometry, and in the uncertainty of he 
hearing level of the subjects before occupational exposure be Jn Th! 
Obvious question arising out of these findings is whether TTS can be 
used to predict the degree of susceptibility^ occuX Jl^X 

a measurement of TTS !fl f T h concluslon w that, although 

obtained as it was in the^on™^* available m the above form, 
individuals can be irWfi T ° f h ® SUrV6y ’ is tIlat a number of 
to - b ,e expected 

prise the entire more susceptible half ^ ne cessanly to com- 
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Our investigations were also directed to an attempt to determine 
whether those subjects showing higher rates of deterioration in the 
serial audiometry also showed higher degrees of temporary threshold 
shift. Again, this apparently direct and straightforward comparison 
yielded, at best, a correlation coefficient having a significance value 
0 f p=o-lO, which implies a higher probability of a false result than 
at the conventional ‘significant’ level of P=0-05. 

To sum up, we have succeeded in arriving at certain basic relations 
between TTS and aspects of permanent noise-induced hearing loss, 
and have sketched out a feasible approach to prognosis. Unfor- 
tunately, we are unable to proceed-to the final logical step of defining 
a predictive test, based on TTS, of sufficient reliability and precision 
to be sure that it will identify uniquely those persons at greatest risk. 
However, we believe that our studies have taken us further towards a 
practical test than has been achieved hitherto. There seems little 
doubt that, once again, our progress towards greater precision in 
these relations has been impeded to a disappointing extent by the 
inherent imprecision of data deriving from conventional pure-tonc air 
conduction audiometry. Clearly further effort should be directed 
towards a realisation of a fully practical predictive test using the 
information now obtained. 



Pathological cases 

Our approach to the overall problem, as delineated in the terms of 
reference, we have already explained. Our parametric method utilised 
subjects free from hearing impairment other than that deriving from 
advancing age or from industrial noise exposure. We do not thereby 
imply that such a condition is applicable to the generality of persons 
employed in industry. In the population at large, a number of factors, 
including ante-natal or hereditary hearing defects, the legacy of ear 
disease, the presence of active pathology, or the result of noil- 
occupational noise exposure, will each tend to increase hearing levels 
and to complicate the picture of occupational hearing loss, if such 
exists. In consequence, in a proportion of persons, the actual hearing 
level recorded after a particular exposure will be compounded of the 
effects of noise and whatever other factor or factors are operating. 
Thus, on average, in any unselected industrial population, the 
apparent noise-induced hearing loss, deduced from hearing level, 
measurements by allowance for age, will be greater than our pre- 
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dictions on the basis of noise exposure. This disparity would of 
course vary in proportion to the ‘pathology’ component present, and 
would disappear altogether if the population, as did our definitive 
population, lacked pathological elements. 

Should it be necessary to ascertain the magnitude of the patho- 
logical component in terms of its effect on hearing level, it would be 
necessary to conduct an incidence study using conventional statistical 
sampling techniques. In the present study this approach had no part 
for reasons already explained, and the effect of pathology was not our 
primary concern. Nevertheless, against the background of the main 
study we included a small number of cases, generally described as 
‘pathological’. These included categories of individuals with con- 
ductive hearing loss, vertigo, sensorineural hearing loss (other than 
noise-induced, traumatic, or associated with vertigo), gunfire 
exposure, or a history of unconsciousness due to head injury. The 
vertigo group was so small in numbers as not to justify further 
consideration. 



Normally, a comparison between the effects on hearing of these 
conditions, and an uncomplicated noise exposure, would require an 
age-matched and exposure-matched control population. This would 
present great difficulties. Fortunately, the relations which we have 
been able to establish between noise exposure and hearing loss 
(Appendix 10) are well suited to supply the necessary comparison. 
Indices developed in the course of the work include one which 
relates the observed to the calculated age-corrected noise-induced 
hearing loss. By the use of this index the hearing of any individual 
can be compared with the expected distribution of values on the basis 
of changes accruing only from the effects of age and of noise exposure 
provided the latter is known. ’ 

The means adopted and the results obtained from this comparison 
are given m Appendix 14. While the numbers in the categories with 
conductive hearing loss or perceptive hearing loss are small they are 
sufficient to provide an illustration of the approach. The results 
demonstrate an elevation of hearing levels above those to be ex- 
pected m non-pathological cases. In the case of the categories with 
gunfire noise exposure or with a history of head injury, the median 
values are virtually equivalent to those of our definitive population 
The conclusion which we reach in the light of this small exploratory 

18 ? mdeX Used is wel1 suited t0 an examination and 
assessment of the combined effects of noise and other hearing 
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defects and might in some circumstances be of use in indicating 
pathology. The sample size of those primarily exposed to gunfire 
noise or having a history of head injury is not large, but the results 
indicate that, at least in the conditions of our investigation, on aver- 
age these effects are negligible. Whether this conclusion could be 
transferred to general use in the assessment of disability from noise 
exposure is considered more fully in Appendix 14. Cases ol noise- 
induced hearing loss clearly differ from the pattern of conductive 
hearing loss, or from other types of sensorineural hearing loss, and 
cases where noise damage coexists with these other conditions must 
be considered individually. 
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We may now take stock of the situation to which the work has led 
us; a number of aspects merit comment, and for this purpose we 
refer back to our terms of reference which appear on page 2 
Taking these in turn, the situation at the conclusion of the investi- 
gation is as follows. 



(a) 



(b) 



(c) 



This objective has been completely realised in respect of steady 
noise environments, and all practical applications have been 
fully met. 

This has been done; the results confirm the pattern elicited from 
(a) and have reinforced the need for caution in the interpretation 
of monitoring audiometry. Even in the exceptional conditions of 
accuracy of the audiometry of this investigation it is clear that 
further improvements in technique need to be sought in order to 
enable more reliable measurements of hearing to be obtained in 
the course of audiometry in industry. 

A positive relation has been found between TTS and hearing loss 
or rate of deterioration attributed to noise. For reasons similar 
to those operating m (b), a practical prognostic test still eludes 
us. In the present state ofpure-tone audiometry it appears not to 
be a fully practical proposition, although it is possible that in the 
future such a test may be evolved. The likely lines which it might 
take have been sketched in Appendix 13. 

This has been satisfactorily accomplished, with a greater degree 
of final simplicity than might have been expected, at least in 
respect of continuous noise. 

Jn h oJeT° me m (a) , haS Pr ° VMed a Wry krge “Pension of 

£nSfnt°T? e f ° nS b6tWeen DOiSe eXP ° SUre and heari "g 

mpairment The result is that it is now possible, with confidence, 
o associate a particular noise exposure with a particular 
statistical distribution of degree of impairment from this cause 
m an exposed population. ’ 

imSrtam e Zt? S v V t ti0nS C ° ntain a number of more detailed, but 
important, aspects which we now consider. 



(d) 



(e) 
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General relation of noise and hearing 

Our original contention that the “parametric” approach best 
suited the circumstances has been justified. Thus, to a given noise 
environment can be ascribed, simply and rapidly, definite properties 
which, taken in conjunction with the duration of exposure, enable 
specific degrees of hearing loss, distributed in a particular way over 
the exposed population, to be predicted. The administrative deter- 
mination of permissible exposures is no longer tied to the acceptance 
or otherwise of a single noise level or set of rules implying a single, 
and hitherto arbitrary and often undeclared, degree of risk. Instead 
there is a choice, extending over most of the range of possible working 
noise environments, each having its onw implications of the degree 
of risk as a statistical distribution. One might, for example, visualise 
circumstances involving a high noise level for a strictly limited 
duration; or a series of different levels of exposure sustained con- 
secutively. In these cases, different daily exposure rates can be 
allowed; they can be summed up in a meaningful manner and, 
if need be, records kept which would ensure the protection of 
individuals during such episodes and for the future. 

The most suitable noise measure for general Lise has turned out to 
be a weighted sound level not far removed from the standardised 
dB(A) scale. A small superiority rests with the statistical derivative, 
the level L A2 , which is the level in dB( A) exceeded for 2 % of the time ; 
but for most purposes the unqualified dB(A) reading may be em- 
ployed. This confers great simplicity on the assessment of noises, and 
its wide applicability has been shown (Appendix 10, section 4). It 
may be asked what limits there are to the employment of dB( A) as a 
sound measure. If we confine ourselves to the range of spectra we 
encountered, there are virtually none, but we are conscious of the 
need to state some limitation. Accordingly, we define the limits of 
use of dB(A) as applying to spectra broadly described as not exeeed- 
ingaslope of 5 dB per octave, in either direction, within the frequency 
range covered by the octave bands centred at 63 and 80(K) II/.. A 
watertight definition giving expression to this principle and en- 
compassing the many types of irregularity exhibited by practical 
noise spectra is out of place here. There may thus be doubtful cases, 
but for spectra manifestly transgressing these limits, or containing 
peaks outside this range, we do not make firm recommendations on 
the basis of the present work. Among our reasons for stating these 
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limits, which in themselves go little beyond our experimental 
compass, is our evidence that the A-weighting is not quite optimal 
and this most likely results in an underestimation of the damaging 
effects of noises with strongly falling spectra. Our evidence for the 
possible advantage of B-weighting is, however, too slender in the 
face of other considerations to justify a major shift of emphasis to 
dB(B). Nevertheless, if evidence accumulates pointing to a superiority 
of the latter measure we would readily consider a revision, within our 
general formulations, of our present recommendation, if our 
predictions could thereby faithfully embrace a still wider range of 
acoustic conditons. 

The description of noise exposure by a compound expression 
embracing noise level and duration, which we designate noise 
immission level (NIL), is an essential step in our formulations. It is 
based on the finising that the equal-energy concept applies in the 
respect that repeated daily exposures for about one month upwards 
are equivalent from the aspect of resulting permanent threshold shift 
provided that the A-weighted sound energies that they represent are 
the same (Appendix 11). 

For the practical administration of assessment of hearing loss in 
individuals, the question of separability or otherwise of the effects of 
noise and of advancing age is important. Although the literature is 
not unanimous on this point, it has been customary for some time to 
assume that deteriorations from these two causes are inherently 
different phenomena whose effects are essentially independent of one 
another, and therefore additive in terms of hearing level : the concept 
is of a chain of mechanisms in tandem, any or all of which may 
suffer some attenuation, the total resulting threshold shift being the 
sum of the component attenuations. There is evidence from other 
work that presbycusis is a manifestation of a disseminated process 
affecting the entire auditory pathway including the conductive path- 
way of the ear, whereas noise is believed to exert its detrimental effects 
on the hair cells and associated structures in the organ of Corti and 
is thus . comparatively localised. This view sanctions the effective 
separation of the actions in the manner described above We sub- 
tracted a presbycusis correction in this way, though of necessity this 
correction had to be an estimate applied indiscriminately to all 
individuals and our data in no way contradict the assumption. 

As remarked earlier, our hope was that the parametric studies 
uld yield a broad and generally applicable picture of the stimulus- 
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response characteristic reflecting the behaviour of the hearing 
mechanism in the presence of noise. The inherent orderliness, and 
even elegance, of the relations revealed have exceeded our anticipa- 
tions. These relations suggest an underlying similarity of a particularly 
simple kind between the behaviour at different frequencies, between 
sexes, and among persons of different degrees of susceptibility; the 
various factors mentioned can be accommodated with considerable 
fidelity by means of translations along a decibel scale of a unique 
basic curve of age-corrected hearing loss. 

It must be remembered that experimentally-determined relations 
are bound to exhibit some departures from any idealised model. Such 
departures can be expected to occur by the vagaries of the self- 
selection process in which the longest histories of noise exposure 
may tend to be associated with persons in the better states of health 
and hence possibly with better hearing. We thus feel that if degrees 
of confidence are to be ascribed to different parts of our diagrams, 
it is possibly in the middle and lower levels of noise immission that 
the highest validity resides. 

There are other aspects which need qualification. In most cases, 
these might be resolved by further work adapted to a different and in 
general smaller scale of activity than that of the present study. The 
first of these concerns noise which lasts for less than the entire work- 
ing day. This is not an uncommon condition, but the most energetic 
quest failed to reveal examples which were compatible with our 
experimental requirements. The difficulty arose in such aspects as 
erratic time patterns of noise and relative quiet, variability of the 
noise characteristics during noisy periods, and the near-impossibility 
— or so we concluded — of finding people who, for a number of years 
had sustained some orderly pattern of interrupted noise, or were 
likely to do so. We are thus unable to state with assurance the effect 
of work days less in duration than a normal 8 hours, or of some 
complex pattern of exposure of a discontinuous nature. 

To deal with such circumstances various courses are open, none 
of them free from possible criticism, for practical application. The 
first is to assume that the equal-energy principle is applicable down 
to brief periods of time in the order of minutes. If this assumption is 
incorrect it at least has the merit of resulting in an over-conservative 
assessment of risk, that is to say if it errs it errs on the safe side. We 
appreciate, on the other hand, that undue conservatism would not 
be regarded as an advantage by an industrial management faced with 
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a borderline hazard. Another alternative is to accept that a given 
temporary threshold shift, no matter how arrived at by the cumulat- 
ive effects of a working day, whether this be in steady or intermittent 
noise, faithfully mirrors the long-term effects of that pattern of noise 
For convenience we may refer to this as the equinocivity principle. 
To apply it, one would utilise the considerable mass of published data 
on temporary threshold shifts derived from laboratory experiments. 
In comparison to the equal-energy principle, this procedure is 
permissive of higher levels of noise provided they occur for short 
periods or are separated by substantial “recovery” periods of relative 
quiet. We must point out that our findings on the existence of a 
positive relationship between individual susceptibilities to TTS and 
PTS, on the basis of continuous whole-day exposures, have no 
direct bearing on the equinocivity principle, except that in a broad 
sense the higher the degree of association that can be shown to exist 
between manifestations of the two phenomena the more credible the 
principle may appear to be. 

For a solution to this dilemma, it is necessary to invoke other than 
audiological considerations; the practical limitations of different 
courses and the equally important problems of their standardisation 
and implementation must be recognised, in reaching an engineering 
type of solution. There are undoubtedly some circumstances in which 
it may be practicable to perform monitoring TTS measurements on 
work people on a sufficiently wide scale to merit reliance on the 
equinocivity principle, whilst recognising that it remains an untested 
hypothesis. In the ideal case of this kind, the physical assessment of 
the noise exposure becomes almost superfluous except for control 
purposes. But there remain difficulties in the case of intermittent 
noises, notably the proper determination of the appropriate post- 
® Xp °f£® tlme for the measurements. An incidental advantage of 
irect TTS measurement that has been pointed out is that the TTS 
itself represents a potential social handicap to the sufferer if it docs 
not recover during his leisure time. This undesirable aspect could 
however, be guarded against by the use of principles of conservation 
without explicit involvement of TTS. The grout majority of ex”ti”g 
noise situations, as well as all cases of future planning, do not lend 

rcTatdlrtiie 0 7 d '' KCt personal measurements of 

ITS, and for these and other general purposes it seems to us that the 

overwhehnmg advantage lies in the adoption of a solution ta I on 

the equal-energy principle. SU 0n 
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This advantage derives from two considerations, one a matter of 
physical principle and the other of instrumentation and engineering. 
Considering the second point, standard equipment is readily available 
from acoustical instrument manufacturers for making the necessary 
measurements of noise immission level in variable or intermittent 
noise climates. It is already possible to operate such equipment 
automatically and unattended in order to obtain reliable samples over 
long periods of time and, although at present this equipment is of a 
transportable rather than a portable kind, development in miniatur- 
ised electronics suggest that a truly portable device to perform the 
equivalent function is within reach. In essence it needs only to be a 
limited-range sound level meter with a straightforward integrating 
device instead of a visual meter at the output. It would thus be a 
simpler object than some types of “dose-meter” that have been 
proposed which work on a variety of rather complicated non-linear 
principles. The other advantage alluded to is that energy is the only 
physical quantity that is in its own nature cumulative when different 
sources superimpose their effects at a receiving point, in this case the 
ear. This permits a system of noise control for hearing conservation 
purposes to be evolved which, as one of us has already demonstrated 
in a study related to a major airport, is adaptable to flexible and 
changing work situations in highly complex patterns of noise sources 
without resort to personal dose-meters, the use of which would raise 
difficult problems of monitoring and maintenance if employed on a 
big scale. On this scheme, an individual’s noise immission for a 
typical day is arrived at by combining a work study, to determine 
his pattern of movements and work positions, with a set of compon- 
ent noise immission values. The latter are classified by the source giv- 
ing rise to them with simple adjustments for distance, and are deter- 
mined once-for-all by physical measurement in advance of the 
operation of the scheme. The resulting total noise immission is equal 
to the value which would be registered by a portable integrating 
device if carried by the individual concerned. The accuracy attainable 
by this method is within 3 or 4 decibels. On the equal-energy principle, 
and only in these circumstances, can independent contributions be 
summed and the results of direct measurement and indirect assess- 
ment as outlined become compatible. With these advantages, we feel 
that the evidence against the principle would need to be more 
substantial and persuasive than it in fact is to outweigh them, and 
accordingly we recommend that, despite its possible — even probable 
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— over-protection in cases of marked intermittency, an equal-energy 
solution should be accepted for general purposes. This means that in 
a given period, which may be taken according to convenience as a 
day or a working week, only a certain maximum energy is permissible 
This limit can be set at a variety of levels according to the ultimate 
risk judged to be acceptable, and we suggest that it should not be set 
higher than 90 dB(A) for a normal continuous daily exposure which 
is likely to persist for many years. This implies that each halving 
of the duration from 8 hours downwards may permit an increase of 
3 dB(A), with over-riding conditions that no unprotected ear shall 
ever be exposed to a sound pressure level of 135 dB or more and 
that the body as a whole shall never be exposed to a sound pressure 
level of 150 dB or more. 

In recent years, both of us working independently on the prepara- 
tion of various publications have advocated modified rules which 
constitute a kind of via media between the two alternatives outlined 
above, the essence of this adjustment being to assume a slightly more 
permissive noise level compared to the continuous 8 hour exposure 
according to the total duration of occurrence of the noise within a day. 
Such a scheme has also featured in successive drafts prepared under 
the authority of the International Organisation for Standardisation 
(ISO), but not in the latest version which relies entirely on the equal- 
energy principle. International discussion on this document, however 
has not been finalised and we are unable to forecast the outcome at 
this moment. This type of modification is a compromise solution 
being more permissive than the equal-energy principle but less 
permissive than the equinocivity principle. Like the equal-energy 
concept it ignores the element of recovery during periods of relative 
quiet. The attraction of this proposal in overcoming the possible 
over-conservatism of equal-energy is mitigated by its employment of 
a table of numbers representing the permitted noise level increase 

^ itS VaKdity ultblatel y rest * the equivalence 
of the TTS/PTS relation for variable durations of exposure. Given 
these uncertainties, in advocating the unmodified equal-energy 
principle as we now do, we recognise that it is unwise to adopt a 
position that is too rigid in the light of advancing knowledge 
A further problem that remains is that of impulsive noise. This 
problem is not eased by the absence of a generally recognised or 

fSnto tb t° f meaSUrement ’ th ° Ugh W * n0te with satis ' 
faction that this question is now under study by a Working Group 
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of the International Electrotechnical Commission (IEC). Recent 
proposals have been published that cover gunfire noise, but these are 
not really applicable to the types of impulsive industrial noise with 
which we are concerned. We did encounter noise with strong 
impulsive components, and in fact devoted much effort in an attempt 
to accommodate them into the survey. We felt obliged to exclude 
these noises from our present systematic examination, but there is 
little doubt that processes consisting of hammering are particularly 
damaging and should be treated with much caution, as obvious 
auditory hazards. In this field, study should be continued to attempt 
to achieve an acceptable method of measurement of these noises for 
the purpose of assessing the risk to hearing. 

Finally, the status of the pure tone remains vague. Noise 
specifications for describing risk to hearing have in the past tended to 
ascribe to pure tones greater damaging effects than to broad-band 
noise. Noise consisting of, or containing, conspicuous pure tones is 
not very common, and we have no specific instance of it in our 
records. This stimulus would require to be defined acoustically in 
specific terms. In connection with the rating of noises for annoyance 
it is usually considered that a pure tone is present if it is audible, 
though the incorporation of this idea into acoustical prescriptions is 
proving to be very difficult. As regards risk of hearing damage, we 
believe that this criterion will prove not to be relevant ; more probably 
the tonal component in the spectrum would have to be the dominant 
one for the effects to be markedly different from those which would 
be predicted from our diagrams on the basis of sound level A. In 
the meantime we are unable to provide specific recommendations on 
the hazards of pure tones. 

Practical aspects of audiometry 

The prospective and serial studies provided information of prime 
importance for the consideration of any systematic scheme of periodi- 
cal monitoring of hearing in industry. From previous experience we 
had anticipated that the variability which is accepted as inevitable in 
pure-tone air-conduction audiometry, and which is not a serious 
drawback in clinical situations when the changes are appreciable, 
would present no serious obstacle in discerning average trends. 
However, this limitation operates more seriously in the individual 
case: the random changes may obscure the real changes unless 
considerable deterioration occurs. The result is that, in audiometry 
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in industry, which could well attain lesser levels of accuracy than our 
own, useful diagnostic trends might be undiscerned in the clutter of 
random variation of hearing levels. These effects are well understood 
and have been studied in detail. They are inseparable from the 
technique of audiometry as used, but improvement must be obtained 
if industrial audiometry is to play its part fully as a tool of preventive 
medicine. 

The expedients immediately available to improve audiometry and 
the factors which could with advantage be studied further can 
profitably be considered here. 

First, even now, substantial improvements in accuracy are available 
by means of repeat audiograms. In theory, the average of the hearing 
levels at a particular frequency measured on four occasions would 
depart from the true value by about half as much as would a single 
observation of hearing level at that frequency. As a practical measure 
we would strongly advocate that where pre-employment audiograms 
are being taken, they should be performed at least three times 
preferably not at one sitting, and the mean at each frequency taken 
as the definitive value of hearing level. Similarly, when monitoring 
audiometry, say at yearly intervals, is being conducted, average 
values of three audiograms are the minimum on which reliance 
should be placed. This is a disconcerting conclusion, but it is inevit- 
able in the light of our data, and is supported by reputable opinion 
elsewhere. r 



Even with these precautions, it must be accepted that, in routine 
momtonng audiometry, if deterioration is progressing at a rate 
determined by ageing alone (i.e. that deterioration due to noise is 
berng prevented, which is the ultimate objective of such procedures) 
nearly one half of the subjects would show apparent improvements in 
earing on successive occasions due to random error. Moreover at 
middle frequencies, such apparent improvements would be about 5 dB 
for one m twenty persons. Conversely the same proportion could 
show deteriorations of about the same amount, and yet neither group 

these !l^ Ve ^ ^ “ reality ' 0n tbe basis of one audiogram 

these illusory results could be spread over a range of ± 8 dB. 

Experience has suggested to us that minor improvements in self- 

recording audiometry could possibly be secured by simple m oSifica- 

tions of techmque. Thus the order of presentation of the test tones 

the" ‘ Rudmo anSed H t0 ^ ° f ' tbe Sub J ect easier. The order in 

Rudmose audiometer (which we would advocate for industrial 
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use, preferably with the tone-interruption facility) should be as 
stated in Appendix 16. 

Looking towards other improvements in audiometry, the evoked 
response technique comes to mind. This holds considerable promise, 
particularly in controlling the psychological element in the subject’s 
attitude. At the present time, however, its degree of precision offers 
no improvement and its complexity and unfamiliarity rather exclude 
it from immediate general use in the industrial context. 

Assessment of susceptibility to occupational hearing loss 

Of the numerous tests for susceptibility to TTS, and so, by implica- 
tion, to PTS, most have used some kind of administered test with an 
arbitrary sound stimulus. Informed opinion has quite recently come 
to the conclusion, on grounds of the complexity of the relations 
between stimulus and the resulting TTS, that such tests are less likely 
to be fruitful than' one based on the actual noise to which the subject 
will subsequently be occupationally exposed. For various reasons, 
this is the stimulus which we have used, and this approach has shown 
some promise. 

Our approach included trials of various frequency combinations on 
which we based our indices of susceptibility to TTS and PTS. It 
turned out that of these, one combination, and by no means the most 
obvious, was markedly superior in illustrating an association between 
the two effects. The reason for this remains obscure, and provides a 
basis for speculation and possibly further investigation of its physio- 
logical implications. Taking advantage of this particular frequency 
combination, the development of a test for susceptibility to PTS 
follows a logical course. However, in pursuing this course, we find 
that whilst the construction of such a test is quite straightforward, 
the various sources of error conspire to blunt the edge of this 
prognostic weapon. The result is that the final critical value of TTS 
indicating a predetermined level of risk, becomes a range of values 
sufficiently great as seriously to undermine, for the moment, the 
value of the test as an everyday procedure. 

Improvements in audiometry and in the technique of the test may 
well clarify the outcome. Even now, if the pre-exposure hearing level 
could be established with less uncertainty by the recognised expedient 
of averaging several measurements, it should be possible to distin- 
guish between the susceptibilities of those above and below the upper 
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and lower quartiles of the population, respectively. Further work on 
this subject would appear to be well justified, and it could be pro- 
grammed considerably more easily and efficiently in the light of the 
work already done. 

Interpretation of audiograms 

Although not in our terms of reference, and consequently virtually 
untouched by this investigation, one step of fundamental importance 
should be mentioned here. This concerns the translation of pure-tone 
audiometric hearing levels into terms of social disability. Obviously 
such a step is needed in the consideration of any scale of compensa- 
tion for disability due to hearing loss. 

In such considerations, a fundamental principle arises at the outset. 
This concerns the basis, in terms of hearing loss, on which a quantita- 
tive index of compensable disability should reside. On the one hand 
the view' might be taken that the only quantity relevant to compensa- 
tion is that component of the hearing level specifically attributable to 
the effects of noise. The other view is based on the consideration that 
the deterioration due to noise, in the presence of age and other 
detrimental factors not necessarily in themselves capable of elevating 
the hearing level to the extent of a handicap, may precipitate such a 
condition. In the light of our somewhat refined and selective data, 
and of other data where entire working populations containing ears 
impaired by other factors in addition to noise have been included, it 
can be shown that these factors may conspire to produce a much 
larger percentage at risk than does noise alone. This situation is there- 
fore not to be regarded as uncommon, and in the circumstances it is 
difficult to escape the conclusion that the second viewpoint enunciated 
above is the just one. 

The actual translation of hearing measurements to degrees of 
disability is usually approached through the concept of preservation 
of speech perception, although it is obvious that a more liberal view 
would aim at a wider retention of auditory faculty. The position of 
pure-tone air-conduction audiometry and of speech audiometry is 
relevant in this context. There is a generous literature concerning the 
relationship between these two types of measure, but this only 
transfers the core of the problem to the interpretation of speech 
audiometry as a numerical index of handicap. Thus the attractions 
of the relatively simpler index provided by pure-tone hearing 
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levels justify attempts to quantify disability on this basis, at least 
initially. Working codes have been proposed for this purpose, and 
appear to serve reasonably well in many cases. However, agreement 
has not been achieved on the best combination of audiometric 
frequencies, and work is still in progress in an attempt to extend the 
usefulness of this technique. 

In essence, the object of this entire investigation has been to provide 
the means of logical decision-taking, either on the risk inherent in a 
given noise situation for an exposed population or, so far as is 
possible, by providing prognostic indications to limit the risk for a 
given individual. The foregoing will have made it clear that, at 
present, a precise assessment of the effects of a specific noise exposure 
is only possible on a population basis, and then only with the proviso 
that aural pathology is effectively absent. However, in any unselected 
population the effects of a variety of agents must be added to the 
basic effects of increasing age and of noise. To give the reader some 
grasp of the quantitative implications, numerical illustrations may be 
helpful. 

Starting at the hypothetical circumstances of least complication, 
we have seen that hearing deterioration is progressive with advancing 
age, and the attainment of a specific hearing level at a given age can 
be identified with a particular percentage of the population. If the 
hearing level were to be elevated by noise in a young population for 
which age effects were insignificant, some other percentage would 
attain this level. When age and noise operate together, the hearing 
level can be taken to be the sum of the two components. It is a 
peculiarity of the statistical distributions that the percentage of the 
population exceeding the specified hearing level is then greater than 
the sum of the above two percentages, until the point is reached when 
the involvement by either or both of the factors approaches totality. 
Similar considerations apply when a third factor, that of pathology, 
is introduced. To illustrate this, we will take for convenience a 
critical level corresponding to minimal disability for speech percep- 
tion of 25 dB for the mean of the hearing levels at 0.5, 1 and 2 kHz 
(as advocated by the American Academy of Ophthalmology and 
Otolaryngology). 

Assuming a population free from aural pathology at age 18 years, 
by the time they are aged 33 years a negligible proportion (theoreti- 
cally less than 0-01%) will have attained the critical level due to 
age alone. Had they been exposed occupationally to a continuous 
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daily noise of 95 dB(A), the critical level would have been exceeded 
by 4%. Thus the risk, as we define it in Appendix 1, would be 
assessed at 4 %. If our hypothetical 33-year old population, instead of 
noise exposure, had suffered a median conductive hearing loss of 
some 20 dB (see Appendix 14), the percentage above the critical level 
would be 30%. If this group had also been exposed to the noise, no 
less than 58% would have exceeded the critical level. Thus the 
concatenation of these several causes produces a dramatic increase 
to 28 %, of the proportion of persons precipitated into the category of 
disability by exposure to the noise. Obviously, in a real situation, the 
proportion so affected must be expected to lie at some value inter- 
mediate between the 4% and the 28%. In a large study of an un- 
selected American working population, such an intermediate value 
namely 23 %, was in fact found. 



Methods of restricting noise exposure 

We have already discussed the benefits of the elective situation 
created by our treatment, which permits flexibility in the setting of 
criteria and noise exposure limits. This facilitation of procedure 
should not, however, be allowed to obscure the primary need to 
contrhe a working environment which is acoustically acceptable as it 
stands, without restriction of time or place or resort to special 
measures. Fundamentally, this means reduction of noise at source 
Lnfortunately, machinery, processes and equipment frequently bear 
bttle evidence of havmg been designed in this spirit, and vigilance 
must be exercised to guard against the production of new equipment 
giving higher noise levels than that which it supersedes 
Where unavoidable situations of potentially excessive noise expos- 
ure exist the options available are 1) a reduction of duration with or 

lllect 4 f n0W “ S ° Und redUdnfi pro P erties are available, and 
collected information is published in existing codes of practice such 

as that issued m this country by the Safety Services Organisation of 
the Munstry of Technology. The efficacy of all such devIcS depends 
not only on their intrinsic design but also on the frequency charactel 

thev ff ^ n ° ISe ’ and t0 take the best advantage of ^protection 
°n CtaVe r and analySiS 0f the sound is necessary Calcula- 

™? e 1 rfC 3med “ ° rder t0 det “ the aJuSSt 

(A), of a particular ear protector in a particular noise. It must be 
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remembered, however, that for best results considerable knowledge 
and discretion must be applied to the choice, individual fitting and 
subsequent supervision of the protection. In addition, experience has 
shown that in moderate, yet harmful noise levels, there may be a 
marked aversion to the use of ear protectors which needs to be 
countered by explanation, persuasion and precept. 
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Concluding remarks and summary 



As we near the end of this report, it is appropriate to return again 
to the point at which we began : the terms of reference. These we have 
interpreted as a request for a scientific investigation and appraisal of 
the factors relating noise to hearing loss in the industrial situation 
The natural outcome of such an investigation would be a comprehen- 
sive and rigid formulation of regulations governing the control of 
noise and its effects in industry. We did not, in fact, have a brief for 
the production of such draft regulations, and in any event they imply 
broad questions of legislation which are clearly outside our province 
Nevertheless, in the report, in its appendices and in the foregoing 
chapter in particular, there is virtually all the material from which a 
code of practice could easily and quickly be assembled in any 
particular format regarded as administratively suitable. 

Finally, implied in our brief was the acquisition of the greatest 
amount of information relevant to noise and the resultant hearing 
loss in industry, consistent with a time-limited project The wide 
scope of the project was only made possible by the admirable support 
which we received from the Ministries concerned and from the 
Factory Inspectorate in all the areas we visited, as well as from 
medical officers and from management, trade union and shop floor 
levels in industry. On behalf of all of us who participated in the work 
vve wish to offer our thanks for all the help which we received, not 
east to the subjects whose voluntary co-operation provided one of 

the two basic ingredients of the data. 



Summary 

0) ™? C ‘ S 0 l° CC r i0naI eXP ° SUre t0 Steady noise 011 otherwise 

“1^ 1 StUdi6d> t0Sether with a con trol popula- 
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(2) iTs t! !V eSU ’ tS has evolved a system of predicting as a 
statistical distribution in an exposed population, the hearing 
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deteriorations to be expected from specified exposures within a 
wide range of occupational noises. The use of ear protection can 
be allowed for. 

(3) Noise exposure can be described by a single number, based on 
dB(A) and time on an energy basis, so that the effects of complex 
exposures can be assessed. Conversely, specification of acceptable 
levels of exposure is greatly facilitated. 

(4) The variability inherent in conventional pure-tone air-conduction 
audiometry, even of the highest standards, is shown to impose 
limitations on industrial audiometry; precautions to minimise 
these are discussed. 

(5) Susceptibility to temporary threshold shift and to hearing 
deterioration attributable to occupational noise exposure have 
been shown to be associated. However, largely for the reason 
given in item 4, a practical prognostic test for susceptibility to 
occupational hearing loss has not yet been attained, although the 
form it might take is clear. 

(6) It has not been possible to acquire data for daily exposures of 
duration less than a nominal 8 hours. In general, an equal-energy 
basis is advocated for such cases at present, on grounds of 
simplicity, safety and convenience. 

(7) A small-scale study of ears impaired by disease and other 
detrimental factors, as well as by noise, illustrates how some 
degree of separate assessment of these components is possible. 
Such simultaneous impairments may greatly inflate the pro- 
portion of persons handicapped by noise-induced hearing loss. 

(8) Our results comprise the necessary material for a formal code of 
practice for the preservation of hearing in industry. 
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Appendix 1 

Glossary of technical terms 



1 . Acoustical and audiological terms 

artificial ear: 

a device for loading an earphone with an acoustic impedance which 
simulates that of an average ear; used for measuring the sound 
pressure developed. 

audiogram: 

(pure-tone air-conduction audiogram) a chart or table relating 
hearing level for pure tones to frequency. 

audiometer: 

an instrument for measuring hearing acuity. 
audiometric reference zero: 

a declared value, at a particular frequency, of the threshold of hearing 
for normal persons within a given age range, normally 18 to 25 years. 
Note This Report makes use of the reference zero as specified in 
British Standard BS 2497:1954. It should be noted that there 
has recently been a revision (BS 2497 Part 1:1968) bringing the 
former standard into line with ISO Recommendation R389. 
The difference is small, see Appendix 16. 

band pressure level: 

the sound pressure level of the sound energy within a specified 
frequency band. 

deafness : 

in this text, a condition of hearing impairment recognised by the 
patient or other people as such. 

hearing level: 

a measured threshold of hearing, expressed in decibels relative to a 
specified standard of normal hearing. 
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HEARING LOSS: 

the symptom of reduced auditory sensitivity, synonymous with 
auditory impairment, when a specific cause can be ascribed. Also 
used, in a general sense, to describe the process of losing auditory 
sensitivity. 

(1) Conductive hearing loss. A hearing loss originating in the 
conductive mechanism of the ear. 

(2) Sensorineural hearing loss. A hearing loss originating in the 
cochlea or the fibres of the auditory nerve. 

(3) Noise-induced hearing loss. A sensorineural hearing loss 
attributable to the effects of noise. 

masking: 

the process by which the threshold of hearing of one sound is raised 
due to the presence of another. 

MASS LAW': 

the approximately linear relationship between the sound insulation of 
a partition, expressed in decibels, and the logarithm of its weight per 
unit area. 

noise exposure: 

a generic term signifying the total acoustic stimulus applied to the ear 
over a period of time. 

noise immission: 

an index of the total noise energy incident on the ear over a specified 
period of time. 

noise immission level (nil): 

the A-weighted noise immission, expressed in decibels relative to a 
specified datum (see under E, Appendix 2). 

NOISE RATING CURVES: 

an agreed set of empirical curves relating octave band pressure level 
to the centre frequency of the octave bands, each of which is character- 
ised by a “noise rating” (NR), which is numerically equal to the sound 
pressure level at the intersection with the ordinate at 1000 Hz. The 
noise rating of a given noise is found by plotting the octave band 
spectrum on the same diagram and selecting the highest noise rating 
curve to which the spectrum is tangent. 
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permanent threshold shift (pts): 

the component of theshold shift which shows no progressive reduction 
with the passage of time when the apparent cause has been removed. 

presbycusis: 

hearing loss mainly for high tones due to advancing age. 

PRESUMED NOISE-INDUCED HEARING LOSS: 

the component of a measured hearing level attributable to noise (see 
under H, Appendix 2). 

prospective study: 

the form of serial study in which the first observation of hearing level 
occurs before any occupational noise exposure has been sustained. 

retrospective study (cross-sectional study): 

the observation of hearing levels of persons who have been exposed 

to known noises for known periods of time. 

RISK: -c a 

the percentage of persons who, as a result of exposure to a specified 

noise immission level, may be expected to sustain a noise-induced 

hearing loss equal to or greater than a defined value. 



serial study (longitudinal study): 

the observation of the hearing level of an individual at successive 
intervals of time. 



sound level: 

a weighted value of the sound pressure level as determined by a sound 
level meter. 



sound level meter: 

an instrument for measuring a frequency-weighted sound pressure 
level and having a declared performance in respect of its speed of 
response. Measurements are conventionally made with sound level 
meters conforming to weighting curve A and expressed in decibels, 
dB(A). 
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SOUND pressure: 

the alternating component of the pressure at a point in a sound 
field. The unit is the Newton per square metre (N/m 2 ). 

SOUND PRESSURE LEVEL: 

the sound pressure level of a sound, in decibels, is equal to 20 times 
the logarithm to the base 10 of the ratio of the RMS sound pressure 
to the reference sound pressure. For sound in air, the reference sound 
pressure is taken to be 2 x 10 -6 N/m 2 . 

Note RMS denotes root mean square, i.e. the square root of the 
mean value of the squares of the instantaneous values of the 
sound pressure. 



spectrum: 

a representation of the distribution of energy with respect to fre- 
quency. 

(1) Octave band spectrum: the ensemble of octave band pressure 
levels comprising a sound. The audible spectrum is convention- 
ally taken to embrace eight octaves. 

(2) f octave band spectrum: the ensemble of band pressure levels 
in bands J-octave wide comprising a sound. 



TEMPORARY THRESHOLD SHIFT (TTS) : 

the component of threshold shift which shows progressive reduction 
wnh the passage of time when the apparent cause has been removed. 



THRESHOLD OF HEARING: 

of a continuous sound, the minimum RMS 

sure which excites the sensation of hearing. 



value of the sound pres- 



TINNITUS: 



a subjective sense of “noises in the head” or “ringing in the 

which there is no observable external cause. 



ears” for 



TREND CURVES: 



a set of curves describing the central tendency and 
dispersion, of the growth of PTS with time. 



sometimes the 



WEIGHTING CURVE: 

a curve describing the frequency response of a sound level meter. 
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Curves A, B and C are defined in publications of the International 
Electrotechnical Commission (123 and 179) and in British Standard 
BS 4197:1967. A recommendation for a curve D is in course of 
preparation. 

Note Curve C represents a nearly flat frequency response; the other 
curves have various degrees of low-frequency suppression. 

WEIGHTING NETWORK: 

an electrical network designed to be incorporated in a sound level 
meter such that the latter conforms to a specified weighting curve. 

4 khz dip: 

(4 kc/s dip) 

(4 kc/s notch) 

the depression in the audiogram in the region 3 to 6 kHz associated 
with noise exposure. 

2. Statistical terms 

CENTRAL TENDENCY: 

of a range of values of a variable x. The general position of the 
distribution of the values indicated by the following measures : 

(1) arithmetic mean (average); the sum of all the values divided by 
their number, denoted by x = (ax)/n. 

(2) median; the value occupying the central position when the 
values are arranged in sequence from the least to the greatest. 

(3) mode ; the most commonly occurring value of x. 

CORRELATION : 

a procedure for investigating the degree of association between two 
(or more) characteristics of a population. 

CORRELATION COEFFICIENT: 

(product-moment correlation coefficient) a numerical indication of 
the degree of association between two characteristics of a population, 
x and y. Complete dependence of one characteristic on the other 
yields unity; no dependence, zero. It may be positive, for direct 
relations, or negative, for inverse relations. The value is given by 

_ S (x — x) . (y — y) 

{a (x - x) 2 . a (y - y) 2 }* 
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DEGREES OF FREEDOM (DF): 

the effective number of independent values of a variable, equal to the 
actual number n minus the number of constraints. In calculating a 
mean, DF = n ; in calculating the standard deviation of a sample 
DF = n — 1 ; in calculating a correlation coefficient, DF = n — 2 

dispersion: 

the spread of values of a variable about the mean or median. 
distribution: 

the manner in which values in a sample or a population are distri- 
buted about the arithmetic mean. Various types and descriptions of 
distributions are recognised. 

(1) Normal (Gaussian) distribution; a distribution commonly 
found in biological systems, in which the mean, median and 
mode coincide at the apex of a symmetrical bell-shaped curve 
of frequency of occurrence against magnitude of the item in 
a series. 

(2) Cumulative distribution; a presentation in which the variable is 
plotted horizontally with the percentage of occurrence of all 
values less than the abcsissa plotted vertically. On a suitable 
graph paper, the points will fall upon a straight line if the 
distribution is Gaussian. 

(3) Centile; a unit for defining the position in a series of values 
arranged in sequence from least to greatest, whereby each 
division is 1 % of the total. 

(4) Decile; 10 centiles, usually used to designate the 10th and 90th 
centiles. 

(5) Quartile; 2-5 deciles, normally restricted to describing the 25th 
and 75th centiles. 

(6) Skewness; asymmetry of a distribution. 

(7) Kurtosis; symmetrical deviation from the Gaussian distribution. 
An abnormally peaked distribution is called leptokurtic; an 
abnormally flattened one platykurtic. 

LINEAR REGRESSION: 

of one characteristic on another. A description of the manner in 
w ich one characteristic varies with respect to another, as described 
by a straight line fitted to the data by the method of least squares, the 
deviations being measured in the direction of the first characteristic. 
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(1) Regression coefficient; the numerical value of the change that, 
according to the slope of the regression line, takes place in one 
characteristic for unit change in the other. 

LEAST SQUARES: 

a criterion to establish the curve or straight line of best fit to points 
on a graph. 

population: 

the ensemble of values of a variable from which a sample is drawn. 

probability (p): 

see Statistical Significance. 

RANDOM ERROR: 

see Residual Variance. 
rank: 

the ordinal number of an item in a series which is arranged in 
sequence from the least to the greatest value of the items. 

regression: 

a generalisation of linear regression (q.v.) when two characteristics 
are related by a curve. 

residual variance: 

in general, the unexplained part of the total variance. In regressions, 
the mean squared deviation from the regression line, sometimes 
referred to loosely as regression variance. 

statistical significance: 

an expression of the degree of confidence which can be attached to 
the occurrence of an event. It is normally given a numerical value by 
stating the proportion of times on which the event could occur by 
chance. The conventional level of ‘significance’ is that the occurrence 
could only arise by chance in 5 % of cases ; commonly designated 
probability P = 0-05. 

scatter diagram: 

a graphical presentation, for example relating two series of variables, 
in which a separate point indicates each pair of corresponding values. 
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STANDARD DEVIATION: 

a numerical indication of the scatter of values of a variable around 
their mean (symbol <j). Specifically, it is the square root of the mean 
squared deviation, given by a = { S (x — x) 2 /n}L In a normal distribu- 
tion, a range of 2 standard deviations on each side of the mean will 
include 95-45% of all the values, and 3 standard deviations on each 
side of the mean, 99-73 %. 

Note When the standard deviation is determined from a sample of 
values and not from the parent population (which is frequently 
unknown), the denominator within the square root should be 
taken as n — 1, due to fact that one degree of freedom out of 
the total n is used to estimate the mean value x. 

STANDARD ERROR: 

of the mean of a sample. The standard error is found by dividing the 
standard deviation of the items in the sample by the square root of 
their number. The mean of the population from which the sample 
was obtained is not likely to differ from the sample mean by more 
than plus or minus twice the standard error. 

variance: 

the mean squared deviation of the values of a variable from their 
mean. The square of the standard deviation. 
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a A constant 

A A proportionality constant 

b A constant; a regression coefficient 

c A constant; a second-order regression coefficient 

Q A frequency-dependent coefficient for the presbycutic com- 
ponent of hearing loss, i denotes the audiometric frequency. 
D (general symbol) The deviation between an audiometric value for 

an individual and the mean, or median, for a group. 

Dp An individual age-corrected hearing level expressed 
relative to the predicted median value for persons of 
the same age and with the same NIL. 

D.£ An individual value of TTS expressed relative to the 
mean value for a group of persons within a specified 
band of NIL or of L A2 . 

D x The value of D x after correction for hearing level. 

D s An individual persistent threshold shift expressed 
relative to the predicted median threshold shift for 
persons with the same initial and final values of NIL. 

E (general symbol) A measure of noise energy, expressed in decibels. 

E A A-weighted noise immission level (NIL), equal to 
L a + 10 log (T/T 0 ). 

Ea. 2 Another value of the noise immission level, defined by 
La 2 + 10 log (T/T 0 ). 

E' Frequency-normalised noise immission level given by 
E A 2 T" AE A2 , where the normalising constant AE^ 
depends on the audiometric frequency and is taken to 
be zero at 4 kHz. 

E 0 A constant in the equation for H. 

H (general symbol) A pure-tone audiometric value, in decibels. 

Ho A hearing level relative to British Standard zero as 
specified in BS 2497:1954. 

H 0 An age-corrected value of Hq . 

H' A hearing level expressed relative to non-exposed 
controls in the age group 18 to 25. 
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H Age-corrected hearing level relative to controls in the 
age group 18 to 25. Assumed to be equal to the differ- 
ence between the hearing level and that of non-exposed 
controls of the corresponding age. This quantity is also 
termed “presumed noise-induced hearing loss” in 
appropriate cases. 

H„ The maximum attainable hearing level, 
k The duration exponent in the general form ula f or noise 
exposure index L + k log (T/T 0 ). 

K A constant. 

L (general symbol) Sound pressure level of a noise, in dB re 2 x 
I0" 5 N/m 2 . 

L^, L105 . . . Ljodo Octave band sound pressure levels. The 
suffix denotes the geometric mean frequency of the band. 

La, L b Weighted sound pressure levels, in dB(A), dB(B). 

L A2 ■ • • Laso The value of L A exceeded for 2 ... 50 % of the time, 
m A multiplying factor applied to the presbycusis correction, 
n Number of subjects, etc. incorporated in a statistic. 

N Age, in years. 

p A centile of noise-exposed population, reckoned from the 
most susceptible (0%) to the most resistant (100%). 

P Probability, in tests of statistical significance, 

r Product-moment correlation coefficient, 

s Impairment rate index given by A LR /log { 1 + (AT/T) } 

S A measure of the general slope of the octave band spectrum. 
The value of S is negative for rising spectra, positive for falling 
spectra. 

Sj The value of S defined by 

KL250 + L 50o — L m — L 4000 ). 

S 2 The value of S defined by 

, , ^ 250 + L ™<> + L iooo) - 1 (L 2 ooo + L 4000 ). 

b- Mean square deviation about a curve of best fit. 

T Exposure duration reckoned on the basis of 8 hours per day 
5 days per week. The unit is 1 calendar month or year. 

T 0 A reference duration, equal to the unit (month or year) 
m which T is reckoned. 

ttc Value of T at the time of first audiometric test. 

S v? m !f mtude “ decibels, of a temporary threshold shift. 
bote The same symbol is used as an abbreviation when no 
numerical value is attached. 
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u A parameter in the equation for H, related to the value of p 
through the properties of the Gaussian distribution. 

u 2 A component of variance. 

v 2 A component of variance. 

X The calculated value, for the median person, of the threshold 
shift Ajjj expressed relative to the corresponding value A^. 

y An observed value of the relative threshold shift correspond- 
ing to X. 

A An increment of hearing level, measured under corresponding 
conditions, i.e. a permanent threshold shift. 

AT The time interval between audiometric tests, reckoned in the 
same units as T x . 

34 A frequency-dependent parameter in the equation for H, equal 
to E 0 — AE a . i denotes the audiometric frequency. 

H A constant in the equation for H. 

o (general symbol) Standard deviation. 

o 2 (general symbol) Variance. 

<i 0 2 Error variance. 
i s 2 Intersubject variance. 

S Summation sign. 

Suffix notation 

L A value related to the left ear. 

R A value related to the right ear. 

LR The average of values related to the left and right ear; in 
correlation, left against right. 

■5, 1, 2, 3, 4, 6 Audiometric frequency in kHz. 

12, "23, 346 The average of a value over the frequencies 1 & 2, 2 & 3, 
3, 4 & 6 kHz etc. 

Note The suffixes for left and right are sometimes combined 
with those for frequencies or frequency averages, thus 

^LR 346* 
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Personnel concerned in the investigation 



The Joint Working Group 1962-1965 

The Joint Working Group was composed of representatives from 
both the National Physical Laboratory and the Medical Research 
Council, and operated under a joint chairmanship. The members 
comprised : 

CO-CHAIRMEN 

Professor W. Bums— Medical Research Council 
Dr B. W. Robinson— National Physical Laboratory 

members 

Medical Research Cornell 
Dr P. J. Chapman 
Dr T. S. Littler 
Mr A. Tumarkin 
Dr J. J. Knight 
Dr A. S. Fairbaim 

Air Commodore H. W. Penney (Administrative Officer) 

National Physical Laboratory 
Dr D. W. Robinson 
Dr M. E. Delany (Secretary) 

Mr W. C. T. Copeland 



Medical Research Council Staff 

JX f f ", 0P ““ i " 8 “ “» ™ llnder - 
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The names of those who at various times participated are given 
below: 

(a) physicists (in charge of field team) 

Dr J. J. Knight 
Mr B. S. Webster 
Dr J. C. Stead 



(b) OTOLOGISTS 

(i) July 1963 — August 1964 
MrW.Wipat 

Mr M. Horowitz 

(ii) August 1964 — January 1966 

During this period arrangements were made mainly with 
Dr R. Hinchcliffe and Mr K. Ferris of the Institute of 
Laryngology and Otology, for the provision of otologists 
on a sessional basis. 

(iii) February 1966 — September 1967 
Dr Barbara E. Wood 

In addition, Dr R. Hinchcliffe greatly assisted the work of 
reviewing the clinical status of the audiometric and otological 
data. 



(c) ASSISTANTS 

Mr M. C. Asher 
Mr A. D. Cheesman 
Mr M. Fisher 
Miss D. H. Gilmore 
Mr I. D. Griffiths 
Miss M. I. Johnson 
Miss A. C. McDowell 



Miss J. A. C. McKinlay 
Mr C. R. Millross 
Mr R. Oldham 
Mr M. G. Prentice 
Mr A. N. Ramsey 
Mr S. D. G. Stephens 
Mr P.J.W. Venables 



National Physical Laboratory Staff 

Responsibility for the National Physical Laboratory participation 
was undertaken by Dr D. W. Robinson. The work is conveniently 
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divisible into three aspects, the names of those concerned at various 
times being as follows: 

(a) Design of vehicles, maintenance of calibration 

Mr W.C.T. Copeland 
Mr L. S. Whittle 
Mr E. G. Saunders 
Assistant Mr A. C. Bartlett 

(b) Field noise measurements 

Mr W. C. T. Copeland 
MrE. G. Saunders 
Mr P. D. Cobham 
Assistants Mr R. C. Payne 
Mr R. Cooper 

(c) Data processing 

Mr A. J. Burton (Division of Numerical and Applied 
Mathematics) 

Miss Judith P. Cook 
Miss Lynda A. Burdon 

In addition Dr M. E. Delany carried out pilot studies designed to 
assist in the formulation of the definitive programme of hearing 
measurement, and also participated inthe formative stages of the 
data analysis. Advice on statistical theory was provided by 
Mr J. G. Hayes of the Division of Numerical and Applied 
Mathematics. 
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The mobile audiometric laboratory* 

by W. C. T. Copeland, L. S. Whittle and E. G. Saunders 



Design considerations 

It was decided that reasonable internal dimensions for the booths 
were about 1-2 m deep, 0-84 m wide and 1-8 m high. Considerations 
of weight distribution on whatever chassis was chosen, and of leaving 
adequate space for working and the passage of subjects and operators, 
largely dictated that the booths should be arranged in twos, side by 
side, at each end of the vehicle body. 

The framework of the body had to be sufficiently strong to carry a 
fairly heavy outer skin, and also stiff enough to carry the booths which 
were supported top and bottom by anti-vibration mounts. Therefore 
the framework had to be reasonably thick. It was impracticable to 
achieve the required sound reduction exclusively in the booth con- 
struction, since this would necessitate a soft-suspension double 
construction unsuitable for the road and in any case it would occupy 
too much space. Following general principles of sound reduction by 
double enclosure it was therefore decided that the insulation given by 
the vehicle skin should be of the same order as that given by the 
booths. These considerations, together with the booth configuration 
adopted and the necessity to leave a small space between booths and 
walls, dictated that the body and the booth skins should have an 
approximately equal thickness of about 9 to 10 cm. 

Weight is a primary consideration in achieving high insulation, but 
there are obvious limits in the case of a vehicle. However, the lowest 
audiometric frequency to be used normally was 500 Hz, which meant 
that the low frequency insulation requirements need not be too 
severe. From the logarithmic relation between weight and insulation 
of partitions, which applies at low frequencies even to non- 
homogeneous examples, it follows that relaxation of insulation by a 
few decibels results in a marked reduction of weight, and a figure of 
10 to 1 1 tons was decided on as a reasonable compromise between the 

♦Adapted from the paper published by the same authors in J. Sound Vib. 1964, 1, 
388. 
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conflicting factors involved, and of this 3 tons or so would have to be 
allocated for chassis weight. 

The choice of a petrol-engined four-wheeled 7| ton chassis was 
finally made after consideration of six-wheeled and articulated 
versions, partly by reason of lower initial cost and partly because the 
use of those more elaborate chassis did not appear to offer any marked 
advantages. The articulated vehicle, for example, would have been 
excessively high unless a drop-frame trailer was used and this, with 
the configuration of booths, would have meant wasted space 
forward. 

Another major decision in design was to arrange for continuous 
air-conditioning of the booths and working area of the vehicle, 
which meant the installation of silenced ductwork. 

Description of the vehicle 

The overall length of 9T m was the maximum permitted for a four- 
wheeled commercial vehicle; the external width is 2-4 m and the 
height 3-6 m. The gross weight is Hi tons. The chassis used is a 
7i-ton Bedford KGL whose normal wheel-base of approximately 
4-3 m was extended to 5-4 m by means of a commercial chassis 
extension (Baico). The sound-proofed part of the body is in effect a 
box approximately 7-2 m long by 2-4 m high, which is supported on 
chassis runners by anti-vibration mounts. To avoid the “box-on- 
wheels” look, the scuttle was modified to fit smoothly with a light- 
weight aluminium alloy cab which is faired into the remainder of the 
body to give a neat appearance. The external skin of the body is also 
carried downwards to form a skirt in which are fitted flush door- 
hatches giving access to spare wheel, cable locker, entry-steps, fan 
units, etc., which are all carried below the floor level. 

An external view of the vehicle is given in Fig. 4.1. The hydraulic 
pump controlling the four-section jack-knife door is manually 
operated from either within the vehicle or the cab. The hatch-door 
below conceals captive pull-out aluminium steps with detachable 
handrail. The hatch-door below this gives access to a plenum fan 
unit, whose air intake is made via the louvres to be seen to the top 
left-hand side of the door, thus minimising the possibility of fumes 
being drawn into the vehicle. A corresponding hatch-door on the 
offside gives access to an extract fan unit. The hatch-door forward 
of the jack-knife door opens to the spare wheel, that at the rear opens 
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4.1 Exterior view of the vehicle. 



to a cable locker, two 90 m lengths of mains supply cable being 
carried. Access to the engine is via the hatch-door under the rear cab 
window and a corresponding one on the offside. An emergency 
escape hatch is located in the body wall offside. 

The interior lay-out of the vehicle is shown diagrammatically in 
Fig. 4.2 and a view taken from within a forward booth in Fig. 4.3. 
Each desk carries two audiometers and associated with each desk is 
an instrument rack carrying calibration and checking apparatus. 

On the right of Fig. 4.3 can be seen the centre-closing sound lock 
door which provides most of the insulation over the entry area. The 
ducting at roof level is part of the extraction system from booths and 
body. 

Lighting is given by three mains-operated fluorescent fittings in the 
roof and one in each booth, the double-glazed windows in the upper 
half of the sound-lock and jack-knife doors being provided more as a 
safety measure than a means of natural lighting. The ballast chokes, 
etc., for the lights are placed in the sound lock area so that ballast 
noise is inaudible in the booths. Emergency lighting is provided by 
two roof lights in the body, operated from the vehicle battery. These 
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4.2 Interior layout of the vehicle. 
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come into operation automatically if the mains supply fails or is 
disconnected. 

All wiring to lights, mains points, fans, etc., is either buried in the 
vehicle walls or carried in plastic ducting under the floor. For 
convenience, the wiring between booths and audiometers is carried in 
surface-mounted 5 X 2-5 cm metal ducting, the ducting being divided 
to keep the wiring to each booth separate to eliminate the possibility 
of cross-talk. Intercom sets permit communication between booths 
and desks and, incidentally, between both of these and the attendant 
caravan used as an examination and waiting room. 

The floor lay-out required some ingenuity to achieve the optimum, 
bearing in mind door arcs, the requirement that access to booths and 
door be unimpeded as far as possible, and the convenience of the two 
operators in working and checking the audiometers. 



Ventilation 

The lay-out of the ventilation system is given in Fig. 4.2 and is 
partly visible in Fig. 4.3. Air is drawn through the high level intake 
via metal ducting to a fan/heater/filter unit located under the body 
below the jack-knife door and is discharged via another duct into the 
body of the vehicle at high level from the side of the sound lock. These 
two ducts are located within the sound lock. Extraction is made via 
the booths, a vertical duct connecting the extract fan unit located on 
the offside of the vehicle to a duct running along the centre line in the 
roof, which subdivides with flexible connections to the booths. 

All ducting is lined with absorbing materials, and made of heavy 
gauge metal. The ducts on the booths and the vertical section leading 
to the extract fan are covered externally by a heavy lead-loaded 
plastic material to minimise noise transmission through the duct 
walls. Ventilation noise (see later) is inaudible in the booths. 

The capacity of the fans is about 0-06 m 3 /s maximum (with two 
alternate lower flow settings), giving about 25 air changes per hour 
m each booth. The heater fitted in the plenum fan unit is rated at 2 kW 
maximum (with two alternate lower settings), which was estimated to 
give a temperature rise of about 35°C in air inlet temperature and, 
including heat dissipated by the apparatus, an average air temperature 
of about 20°C m the vehicle body under normal winter conditions. 
Electric space heating was planned to augment the heat input as and 
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Booths and vehicle body 

The booths have internal dimensions of 1 -2 m deep by 1 - 8 m high 
by 0-84 m wide, the walls being 10 cm thick. The booths were 
constructed to the required dimensions, together with their silenced 
air-ducts and the sound lock, by Industrial Acoustics Company Ltd. 
The total weight is about 860 kg for each booth, the superficial weight 
of the walls being about 73 kg/m 2 excluding framing. Each stands on 
six anti-vibration mounts, with one additional mount at the top 
between booth and vehicle roof to prevent gross lateral movement. 
The natural frequency of the suspension is about 10 Hz. This is a 
compromise between the ideal of an extremely soft suspension 
necessitating some form of locking mechanism for the booths when 
the vehicle is travelling and the extreme of a very stiff and therefore 
acoustically ineffective mounting. 

The detailed design of the outer bodywork, framing and fittings 
and construction of the vehicle was carried out by Messrs. Bonallack 
of Basildon, Essex, who also installed the booths, sound lock and 
door provided by Industrial Acoustics Company Ltd., with whom 
they collaborated. 

The walls and roof of the vehicle are constructed as follows : 

(1) outer cladding of 16 S.W.G. anti-rust treated mild steel sheet, 

(2) 5 cm thick rock-wool compressed to 3 • 8 cm, 

(3) 1 -3 cm thick plaster-board, 

(4) 5 cm thick glass fibre compressed to 3 -8 cm, and 

(5) an inner cover of 22 S.W.G. perforated aluminium alloy sheet. 

The total thickness is just over 9 cm and the superficial weight, 
excluding vehicle framing, is approximately 34 kg/m 2 . Items (1), (2) 
and (3) are assembled on the pillar frames, the plaster-board being 
flexibly mounted on sponge rubber and soft sealing compound 
between the pillars. The sheets extend from floor to roof. Hardwood 
framing is used to support the perforated inner cover and this is 
supported from the vehicle frame pillars by rubber pads. 

The floor construction is the same, except that (1) is of 20 S.W.G.. 
aluminium alloy sheet and (5) is of 10 S.W.G. mild steel with a vinyl 
floor covering; it was not practicable to isolate inner and outer skins. 
The skin combination was designed to give as high as possible an 
increase in sound reduction compared to the mass-law value for a 
partition of the chosen weight over most of the frequency range, 
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bearing in mind that a true floating partition is incompatible with the 
rigidity necessary for a mobile assembly. 

At low frequencies the skin would be stiffness controlled, thus 
tending to give higher insulation than mass law. The weight and 
spacings of inner and outer skins give a resonant frequency of about 
120 Hz, considerably damped by the absorbing materials. Above 
about 170 Hz, the insulation is again higher than mass law and rises 
sharply with frequency. The glass fibre lining is necessary to absorb 
sound inside the vehicle; the inner membrane of plaster-board may 
also contribute absorption at low frequencies. 

The sound lock door has the same construction as the booths and 
the escape hatch the same as that of the walls, thus obviating weak 
points in the skin, adequate sealing around the edges having been 
specified. 

Audiometric equipment 

The basic equipment consists of four Rudmose type ARJ-4 self- 
recording audiometers which are installed in pairs in the consoles 
shown in the photograph, Fig. 4.3. These audiometers, shown 
schematically in Fig. 4.4, consist of an audio frequency oscillator, 
the output of which is fed by way of a motor driven attenuator, under 




4.4 Schematic diagram of the self-recording audiometers. 



Printed image digitised by the University of Southampton Library Digitisation Unit 



APPENDIX 4 



67 




4.5 Circuit diagram of pulsing unit. 



the control of the subject, to a pair of calibrated earphones worn by 
the subject which provide the sound stimulus. The intensity of the tone 
heard by the subject is either continuously increasing or decreasing, 
depending on the position of the hand switch. The frequency of the 
test tone is automatically changed at half-minute intervals, and when 
the left ear has been tested at the six frequencies 0-5, 1, 2, 3, 4 and 
6 kHz the other ear is tested similarly. Thus an audiogram for both 
ears is provided in about six minutes. 

Several modifications were made to the audiometers in order to 
meet the requirements of the project. The audiometers normally 
produce a continuous note; however, it was considered preferable to 
use interrupted tones. The pulse unit (Fig. 4.5) developed for the 
purpose provides these interrupted tones free from distortion at the 
onset and decay of the tone and free from clicks. Fig. 4-6 shows 
typical waveforms of the test tone; (a) represents the envelope of a 
pulse (duration about 300 msec) and (b) is an enlargement of the 
onset transient of the 1000 Hz pulsed tone. 

Another modification is the use of the British Standard reference 
earphone, STC type 4026A, in place of those supplied, and the 
calibration of the audiometers to the British Standard (1), in place 
of the American data to which the apparatus was originally designed. 

In normal routine audiometry, as practised in clinics and hospitals, 
the precision required is not too stringent and calibrations are rarely 



F 
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4.6 Oscillograms of pulsed tone. 



(a) envelope of pulsed audiometer tone. 
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(b) onset of 1000 Hz pulse. 
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made more than once a year. The British Standard on Audiometers 
(2) requires that the sound pressure produced by the earphone shall 
be within ±5 dB of the indicated value. For the present purposes a 
much higher standard of accuracy was required. Accordingly the 
initial laboratory standardisation of the audiometers was performed 
to an accuracy of dB. The monitoring equipment installed in the 
vehicle permitted convenient and frequent routine checks of the 
stability of the audiometers to the same accuracy and enabled 
adjustments to be made when necessary; permanent wiring between 
booths and consoles facilitated monitoring procedure. 

The principal objective test of an audiometer is the measurement of 
the sound pressure produced in an artificial ear for specific settings 
of the attenuator. This must be done at each of the frequencies used, 
and with each earphone. These measurements were made daily. Any 
changes or faults were thus detected with minimum delay and the 
risk of rejection of valuable audiometric results reduced to negligible 
proportions. Further checks provided for are the values of the steps 
of the attenuators and of the frequencies of the test tones. 

The apparatus, for the most part mounted on the two racks as 
shown in Fig. 4.3, consists of artificial ears, Briiel & Kjaer type 4151, 
in which the sound pressures set up by the earphones are measured by 
means of condenser microphones type 4132 with associated cathode 
followers type 2613. The electronic equipment associated with the 
artificial ears is the type 2137 frequency analyser, used in this case as 
a high-sensitivity frequency-selective valve voltmeter, calibrated to 
read sound pressure level directly. The choice of the type 4151 
artificial ear for monitoring was governed by availability and operat- 
ing convenience, but it should be distinguished from the British 
Standard artificial ear (3) used for the fundamental calibration. 
Digital frequency meters provide rapid measurements of the fre- 
quencies of the test tones to an accuracy of 1 Hz. 

The duplication of the apparatus described has several advantages: 
calibrations can be carried out faster; one set of apparatus can be 
checked against the other; a failure in one set of equipment does not 
prevent calibrations from being made. Further, a range of auxiliary 
equipment was provided to facilitate servicing of the audiometers. 
This includes a Briiel & Kjaer beat frequency oscillator type 1034, 
a pistonphone type 4220 (for providing an absolute calibration of 
the microphones at one frequency) and an oscilloscope for observa- 
tion of the pulsing characteristics. 
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The four audiometers remained remarkably stable in output 
throughout the entire period of the investigation. An example is 
illustrated in Fig. 4.7 in which, to accommodate the whole time scale 
on the abscissa, the lines shown connect points each of which 
represents the average calibration over a period of some two weeks. 

Test of noise reduction 

The sound insulation performance of the vehicle was assessed in 
two ways : firstly, by immersing the vehicle in a random noise field 
and, secondly, by directing sound at the near side of the vehicle in the 
open, warble tones being used in this case. 

In the random field tests, the sound pressure levels in J-octave 
bands were measured (a) at fourteen points outside and (b) at three 
points inside the vehicle along the centre line. The test sound used was 
a band of noise one octave wide which embraced the particular 
octave under measurement. The noise reduction was taken to be the 
difference between the mean levels (a) and (b). The sound pressure 
level at the subject’s head position in the booths (c) was also mea- 
sured, the quantity (a) - (c) thus giving the overall noise reduction. 




4.7 Calibration log of audiometer, serial no. 1313 over the years 1963-1969. 
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